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ABSTRACT

Photovoltaic sources feed power back to a utility through static
power converters (SPCs) during normal operation. The SPCs are
designed to shut down when the utility grid is abnormal;
however, it has been shown that they continue to operate or
"run-on" under certain abnormal conditions. This research was
designed to establish the conditions of load vs. generation
under which run-on would occur. Computer simulations were made
of a TESLACO self-commutated SPC and of a Gemini line-commutated
SPC. The results of the simulations were verified by laboratory
and field tests. Run-on was found to occur only when there was
a very close match between PV generation (SPC output) ~nd
connected load. For the TESLACO, under matched-load conditi-as,
run-on was limited to 4 seconds, due to destabilizing circuits
and internal-trip mechanisms. For the Gemini, external VAR
support, necessary for matched-load conditions, allows the unit
to run-on indefinitely. The addition of internal trip
mechanisms based on sensing frequency and voltage, available
from the Gemini manufacturer, reduced run-on to an extremely low
probability event. The research did not reveal any dynamic
interaction among multiple TESLACOs, multiple Geminis, or among
TESLACOs and Geminis within an island that would cause the
island to persist longer than it would for a single SPC.
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EXECUTIVE SUMMARY

The safety of line crew personnel and others is a major concern of electric
utilities regarding the widespread use of grid-connected photovoltaic (PV)
power sources. PV sources feeding power back to the electric utility grid
through static power converters (SPCs), which are designed to shut down when
disconnected from the grid, have been shown to continue to operate under
certain simulated conditions when disconnected from the utility. Tests for
isolated operation or "running on" of self-commutated single inverters conducted
at Sandia National Laboratories have resulted in control circuit modifications
for some designs, which have improved the shut-down characteristics of those
SPCs. Little was known about the effectiveness of those modifications in
preventing isolated operation or "islanding" of several SPCs in parallel. It
was conjectured that multiple SPCs might interact dynamically under certain
conditions to prevent the shut-down logic from working properly. The purpose
of this research was to show if islanding of multiple SPCs will occur and to
establish boundary conditions under which it will occur. To accomplish this

research the project was split into three tasks:

1. Computer simulations
2. Laboratory testing

3. Field testing

The primary emphasis of the research was to use computer simulations to define
the boundary conditions under which islanding could occur. The purpose of the

laboratory and field tests was to valiidate the results of the simulations.



Computer simulations of PV arrays, SPCs, and a utility system were made using
the Electromagnetic Transients Program (EMTP). Because of a limited
availability of detailed data on commercially available SPCs, only two were
chosen to be modeled and analyzed with detailed computer simulations - a
self-commutated, 4000-watt, SPC manufactured by TESLACO and a line-
commutated, 6000-watt, Gemini SPC manufactured by Windworks, Inc. Numerous
simulations were made to understand what impact various system parameters had
on islanding. Among those examined were the mismatch between watts and vars
of load and watts and vars of generation within a possible island, the effect
of the type of load, the effect of distribution feeder characteristics and
the effect of solar insolation variations and load variations during an
islanding condition. The parameter found to have the most significant impact
on run-on time for both the TESLACO SPC and the Gemini SPC was the mismatch

between load and generation.

Under no conditions did the TESLACO SPC exhibit a sustained islanding
condition. It always shut down eventually after the island was disconnected
from the utility. For certain combinations of load and generation in the
island, it could run on for up to 3.8 seconds but would always shut down.
The TESLACO would shut down within approximately two cycles if the mismatch
between watts of load and watts of generation was greater than approximately
40% of the rating of the SPC (1600 watts). It would shut down within two
cycles if the mismatch between vars of load and vars of generation was
greater than 20% of the rating (800 vars). When the mismatches were less

than these, the TESLACO would run on from a few cycles to a few seconds.
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The Gemini SPC can run on indefinitely for a specific range of load
conditions. If the load within the island supplies 60% or more of the
pre-island reactive power requirement of the Gemini, and if the watts of load
do not exceed 130% of the watts supplied by the Gemini, then the SPC will run
on indefinitely (until the load-generation match changes to values outside
these boundaries). One other boundary condition was implied by the results
of the laboratory and field tests. The Gemini must be in the continuous
conduction mode of operation for indefinite islanding to occur. That is, the
output of the unit must be greater than approximately 35-40% of the unit's
rating. This boundary condition was not due to any protective circuit.
Computer simulations implied that this boundary condition may have been
specific to the unit tested and may not hold true in general for all Geminis.
While it is felt that all of these boundary conditions could exist
simultaneously within an island, the probability of this occuring has not

been determined.

If the load is outside of these boundaries when the island is formed, the SPC
shuts down within five cycles. The boundaries could be reduced considerably
by the addition of an overvoltage relay and an over/under frequency relay.
These are features which the manufacturer offers, but the unit tested did not
include them. Simulations indicated that with these additions the mismatch
in watts of load to watts of generation must be less than approximately 25%
(actual value depends on setting of over-voltage relay) and the mismatch in
vars of load and the reactive requirement of the SPC must be less than
approximately 3% (actual value depends on setting of frequency relays) for
the SPC to run on indefinitely. The probability of having a var mismatch

this $mall should be relatively low.
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The analysis of potential islands with both a TESLACO and a Gemini did not
reveal any dynamic interaction between the two that would make one SPC run cn
longer than it would if it were in an island by itself. In general the watt
and var mismatch in the potential island with both a TESLACO and a Gemini
determined how long the TESLACO ran on. When the TESLACO shut down (as it
always did), the resulting mismatch between load and generation determined if
the Gemini shut down or ran on indefinitely. Also no dynamic interaction was
found between multiple TESLACOs within an island or between muitiple Geminis

within an island.

Laboratory and field tests were performed that verified the results of the
computer simulations. No indefinite run on of a properly functioning TESLACO
was produced. One TESLACO SPC tested had a bad capacitor in the phase-locked
loop circuit, which allowed it to run on indefinitely. When the circuit
board containing the phase-locked loop was replaced, the TESLACO SPC always
shut down when disconnected from the utility. This experience suggests the
need for manufacturers of SPCs to test the units for islanding as part of
their factory testing. The laboratory and field tests verified that a
Gemini SPC could run on indefinitely for the boundary conditions described
above. No dynamic interaction between multiple SPCs was seen in the

laboratory and field tests.

The results of this project indicate that sustained islanding is not a
concern for utilities if only TESLACO SPCs are within a potential island.
Sustained islanding is a concern for utilities if Gemini SPCs which do not

have overvoltage and over/under frequency relays are within a potential
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island. However, the probability of having a sustained island can be greatly
reduced by having these relays either in the Gemini or in the interface
between the utility and the Gemini SPC. It is recommended that these

protective features always be included.

In addition to the extensive analyses performed for the TESLACO SPC and the
Gemini SPC, a brief analysis was made of the islanding potential of an SPC

made by American Power Conversion Corporation (APCC). Based on a simplified

model of the SPC, it appears that the APCC cannot be put into an indefinite
run-on condition. If the net load within an island is resistive or
inductive, the APCC will shut down immediately (within a cycle). If the net
load has an impedance angle greater than 2° leading, the SPC will also shut
down immediately. If the net load has an angle between 0° to 2° leading, the
unit will run on for a short time (up to one second in the limited amount of
simulations made). Further detailed analysis is necessary to quantify

further the run-on potential of the APCC,
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I. INTRODUCTION

Electric power utilities have been concerned about the impact of photovoltaic
(PV) generation on their systems [1-4]. One of the major issues is
"islanding," or the isolated operation of grid-interconnected PV systems
following the utility power interruption [5-7]. The problem is illustrated
in Figure 1-1, which shows a utility-interconnected residential PV system
diagram. Under normal conditions the static power converter (SPC) converts
the dc power generated by the PV array to ac power supplying both local and
remote loads. If the generation is greater than the load demand, the
difference is fed back to the utility; otherwise the utility supplies the
difference. But in all cases the following equation holds when the SPC is

operating synchronized to the utility:

PGeneration = PLoad + P

Grid *® (1-1)

If the utility de-energizes its distribution 1ine for any reason the PGrid
becomes zero and the generated power is forced to be equal to PLoad'
Depending upon the initial mismatch between the generated and load powers and
the control algorithm of the SPC, the system operating voltage and frequency
will move to a new operating point. The utility wants the

SPC to sense these variations and disconnect itself from the line rapidly.
This requirement is necessary primarily for the safety of the line crew who
must repair the supposedly disconnected line. Furthermore the SPC's reaction
time is also important due to the possiblie reclosure of the utility circuit

breaker. Optimally the SPC control and protection logic must sense the
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utility power interruption and take itself off 1line before the minumum
automatic reclosing time of the utility. If PGrid is initially close to
zero, the operating point will not deviate much from its original condition,

and it will be difficult for the SPC protection circuit to detect any change.

This report presents the results of an organized theoretical and experimental
investigation on this potential problem. The objective of the research was
to develop a computer model for residential grid-interconnected PV systems to

predict the conditions that lead to islanding.

In previous studies, hybrid computer simulations were performed by Purdue
University to demonstrate the dynamic behavior of the isolated PV systems
[5,6]. Also several experiments were performed by electric power utilities
that demonstrated the islanding potential of commercially available

SPCs [7]. In these computer simulations and experimental studies only
general behavior of the isolated systems was considered. No special effort

was made in quantifying the effects of system parameters.

In this study, the effects of system parameters on islanding were
investigated in terms of windows; that is, the system variable was varied
over a range of values and its effect on the islanding performance of the SPC
was observed. These windows, the boundary conditions under which isl.nding
occurs, were quantified by computer simulations. The computer simulation

results were first validated in a laboratory, then in a field environment.



In the computer simulations and experiments, special emphasis was given to
the power mismatch between the generation and the Toad. Both real and
reactive power mismatches were varied and their effects on the duration of
the island were characterized. This process was repeated for different load
types and feeder characteristics so that their effects on the islanding were

also understood.

In addition, variations of both load and atmospheric conditions were
investigated as to their effect on the island. Also, the ability of two or

more SPCs operating in parallel to sustain an island was addressed.

For this project two commercially available SPCs were selected for detailed
modeling and analysis. One was a self-commutated unit manufactured by
TESLACO and the other was a line-commutated unit manufactured by Windworks,
Inc. The TESLACO was developed under contract to the US Department of
Energy. The Windworks unit was developed through private funding. The main
body of this report plus appendices A, B, and C deal with the islanding
potential of these two SPCs. Appendix D contains a simplified model and a
brief analysis of the islanding potential for a self-commutated SPC

manufactured by American Power Conversion Corporation.



1.1 Definitions

The terminology used in current literature to describe the conditions and
modes of PV system isolated operation may cause confusion; such as "running
on," "islanding," "multiple-islanding," etc. For this report the following

definitions will apply.

"ITsolated operation" or more commonly "islanding" refers to the condition of
the PV system during the time between the loss of utility and shut-down of

the last SPC.

The "run-on time" is defined as the time elapsed between the utility power

interruption and the shutdown of the SPC.

I[f the islanding involves only one SPC, it will be referred to as
"single-SPC-islanding." If there is more than one SPC, then islanding formed

due to the parallel operation will be called "multiple-SPC-islanding."

During islanding the system parameters, such as voltage and frequency, may
converge to a new operating condition and the rates of change may become very
small. "Transient islanding" covers the behavior of the isolated PV system
during the period between the start of islanding and shut-down of the last
SPC, or the time that system parameters converge to a new operating point.

If the system parameters converge, "sustained islanding" refers to the

condition of the isolated PV system until the utility breaker recloses.
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IT. ANALYTICAL PREDICTION OF ISLANDING CONDITIONS

2.1 Photovoltaic System Modeling

A block diagram of a utility-interconnected PV system is shown in Figure
2.1-1. As shown in this figure, the PV array is the dc power source,
converting sunlight to electricity. The dc energy is fed to the static power
converter (SPC), and after conversion into the ac form, it is injected into
the utility grid and is supplied to the loads. The role of the SPC goes
beyond dc-to-ac conversion. It is also responsible for properly interfacing
the PV array to the inverter, and the inverter to the utility, as well as
providing overall PV power system control and protection [8-10]. The control
unit of the SPC determines the PV system performance and ensures conversion
of dc power to high-quality, utility-compatible, ac power in a safe, reliable
and efficient manner. Commercially available SPCs for photovoltaic
applications are basically of two types; self-commutated and

line~commutated. There are considerable differences between the operational
characteristics of these two types of SPCs and they are described in the
literature in detail [11-21]. These operational differences, however, have
only a secondary influence on the islanding characteristics of SPCs. The

primary influence is the control and protection circuitry.

In regard to the operational performance of SPCs, islanding is one of the
issues that electric power utilities must resolve before they accept
large-scale penetration of photovoltaic systems into the utility grid. To
characterize the islanding operation of SPCs, a computer model of

utility-interconnected photovoltaic systems was developed.
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Th.s computer modeling effort was accomplished using the Electromagnetic
.ransients Program (EMTP) residing at the Southern Company Services computing
silities. This program was originated by Bonneville Power Administration

l. t has been further developed by many utilities, universities, and others
o.:r the years. The program has widespread usage among electric utilities

E th in this country and internationally. It is a very general program with
wi.ich electrical equipment can be modeled using basic elements such as

' .istors, capacitors, diodes, and inductors [22].

A mentioned before, the utility-interconnected photovoltaic system is

.. mposed of several components such as the photovoltaic array, the static

power converter, the loads and the utility grid. The model for each
ymponent was developed individually by considering the philosophy of the

MTP. Then, the models were combined to characterize the total PV system.

The photovoltaic array model was composed of a nonlinear analytical equation
describing the output current-voltage characteristics of the array in terms
of solar radiation, cell temperature, number of series and parallel solar
ce ‘1s forming the array, and certain cell parameters. The details of the

model are presented in Appendix A.

i-nr the SPC modeling, two commercially available SPC designs were identified
¢ .d their manufacturers were contacted to obtain technical information on the
ecifics of the designs. The first SPC was a self-commutated unit with its
.oeration based on the high frequency 1link approach. The second SPC was a
line-commutated model that used silicon controlled rectifiers (SCRs) as the

power switching devices. The detailed description of the self-commutated



and line-commutated SPC models are presented in Appendices B and C,
respectively. The models include the power and control stages of the SPCs as
well as their protection logic at the ac interface. The action of the
protection devices was simulated to disconnect the SPC from the ac system
when the system parameters such as the voltage and/or the frequency were out

of tolerance.

The loads on the utility system include both active and passive types.

Active type loads refer to equipment such as induction motors for which the
zquivalent model considers the effect of the inertia and back EMF of the
motor. In order to obtain a realistic computer model for an induction motor,
tests were performed on the 1-hp motor that was going to be used in the Tab
test portion of the project. This was a capacitor start motor with its
starting winding connected to the midpoint of its stator winding. The tests
performed on the motor included a no Toad test, a locked rotor test without
the starting winding connected, and a locked rotor test without the starting
capacitor or the main rotor winding connected. Data from these tests were

used to derive the equivalent circuit shown in Figure 2.1-2.

Passive loads are those which do not supply voltage or current to the feeder
after the utility is disconnected. These loads were represented primarily by
resistances and inductances. Passive loads include such items as

incandescent lights, electric ranges, and water heaters.

10
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Tt : elements of the utility grid model included transformers, distribution
feeders and power factor correction capacitor banks. In the model, the
uiility grid was represented by a sinusoidal voltage source in series with an

impedance.

After incorporating individual models of the PV system into the EMTP,
simulations showing the dynamic behavior of the SPCs under islanding
conditions were performed. The results of the simulations are given in terms
of the run-on times, which enable a fair comparison of different SPCs in
terms of their islanding performance. The details of the simulations are

p-ovided in the next two sections.

12



2 ” Analytical Results for a TESLACO Self-Commutated Static Power Converter

e self-commutated SPC used in this project was a single phase, 4-kW unit
manufactured by TESLACO. This device utilizes push-pull buck converter
witching at 20 kHz to convert the dc input into a fully rectified sine

ave. This sine wave is subsequently unfolded by a four transistor bridge to
produce 60-Hz sine-wave power output. The buck converter is controlled by an
internally generated reference wave, so that its output is essentially an
amplified version of the reference wave. The reference wave is produced by -
phase-locked loop, which lTocks it in phase with the terminal voltage of the
P, The TESLACO SPC operates at a near unity power factor. The phase-locked
Toup also contains control circuitry that will detect a loss-of-utility
¢ «dition. These circuits will allow the TESLACO to shut itself down if its
| -ternal reference wave becomes 6° out of phase with its terminal voltage.
W _.hout the utility connected, the control circuits are designed to drive the
r .se difference between the internal reference wave and the terminal voltage
to a value larger than 6° and therefore to shut down. The results of this
project indicate that these control circuits work very well in that no
indefinite run-on conditions were obtained for the TESLACO. It always shuts

down within a few seconds after disconnection from the utility.
A block diagram model for a TESLACO static power converter was obtained from

Paul Krause and Associates as a result of their work at Purdue University.

This model was implemented on the Electromagnetic Transients Program (EMTP).

13




Details of the computer model and the implementation of the model on EMTP
are given in Appendix B. Many computer simultations were made to determine
what parameters are important in assessing the run-on time of the TESLACO
SPC. Among the parameters investigated were the mismatch between load and
generation within an island, type of load, distribution feeder
characteristics, the number of SPCs within the island, and load variation

and solar insolation variation after separation from the utility.

Effect of Mismatch Between Load and Generation

The most significant parameter for run-on times for the TESLACO is the
mismatch between load and generation. The general trend is for shorter
run-on times to be associated with larger mismatches between load and
generation. Table 2.2-1 illustrates this trend. The effect of a watts
mismatch between load and generation is different from the effect of a var
mismatch. When the PV system and load are disconnected from the utility,
the terminal voltage of the TESLACO changes almost immediately to a new
magnitude, which is determined by the amount of mismatch between watts
generated and the watts of resistive load within the island. For example,
if the resistive load is 10% less than the watts generated, the voltage will
increase by a factor of \’T?T so that the watts consumed by the resistive
Toad will equal the watts generated. The change in terminal voltage
produces a phase error within the phase-locked Toop because of the response
of the line filter. This phase error increases with time and eventually

reaches 6° at which time the unit shuts itself down.

14



When there is a mismatch between vars generated and vars consumed by the load
/ithin an island, the phase of the terminal voltage undergoes a change when
the utility is disconnected. The phase change is in a direction to try to
balance the var generation with the var load. The control circuitry of the
TESLACO acts to increase this phase error with time, and eventually the error
reaches 6° and the unit shuts down. The run-on times of the TESLACO were
found to be much more sensitive to mismatches in vars than they were to
mismatches in watts. For example, with var load matched to vars generated, a
resistive load that is 40% greater or less than the watts generated will
cause the TESLACO to shut down consistently within one cycle of disconnection
from the utility. For the TESLACO operating at rated output of 4000 watts,
this amounts to a load-to-generation mismatch of 1600 watts. However, with
watt load matched to watts generated, a var mismatch of only 800 vars will
consistently cause the TESLACO to shut down within one cycle. Therefore, the
run-on time is more sensitive to mismatches in vars than it is to mismatches

in watts.

When the load and generation within an island have mismatches in both watts
and vars, then some interesting results can occur. For some cases the phase
error produced by the watt mismatch can tend to cancel the phase error
produced by the var mismatch and produce a long run-on time. For other cases
the two phase errors tend to reinforce each other and a short run-on time is
obtained. Further explanation of this effect is made after the zero crossing

effect is described in the next paragraph.

Another effect that was seen in the computer simulations was a variation in

run-on times depending on whether the switch disconnecting the potential

15
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island from the utility opened on a positive-to-negative zero crossing of the
current wave or on a negative-to-positive zero crossing. This phenomenon can
be understood when there is a net watt mismatch within the island by
referring to Figures 2.2-1 through 2.2-4. The signals that are compared in
the phase-locked-loop are the internal reference wave shifted by -90° and a
filtered version of the terminal voltage. The filter produces a steady-state
phase shift of -90°. These two signals are compared once every cycle at a
negative-to-positive zero crossing to determine the phase error and to make a
phase correction in the internal reference wave. When the switch opens to
create the island and there is a net watt mismatch, the voltage in the island
changes in a direction to balance the watt load and generation. This voltage
change is a change in input to the line filter. The line filter produces a
dc offset in its output which is the terminal voltage comparison signal. As
shown in Figure 2.2-1, for a case with a net flow from the island to the
system of -400 watts (load is 400 watts greater than generation), the offset
is in the positive direction when the current is interrupted on a
negative-to-positive zero crossing. This results in a small apparent phase
error at the negative-to-positive zero crossing of the signals, which occurs
270° later (Figure 2.2-2). Since the negative-to-positive crossing is the
one being checked in order to adjust the internal reference wave, a small
phase error is seen, and the control circuitry eventually drives the phase
error to 6° and shuts down relatively slowly. The situation is the cpposite
when the current is interrupted on a positive-to-negative zero crossing as
shown in Figures 2.2-3 and 2.2-4. The dc offset is in the opposite
direction, and the apparent phase error at the zero crossing of the signals
that is being checked (only 90° later) is larger. Therefore, it takes less

time for this case to reach 6° phase error and to shut down.
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When the net flow from the island to the system is +400 watts, the situation
is just the opposite from that described above. The current from the island
to the system has the opposite polarity from the current in the case
described above. The results of a negative-to-positive zero crossing
interruption are therefore equivalent to the results of the positive-
to-negative zero crossing interruption described above. Similarly, the
results of a positive-to-negative zero crossing interruption are equivalent
to the negative-to-positive results from the previous case. This explains
the correlation seen in the table of results between negative-to-positive
run-on times for a case with a certain percentage smaller load than
generation and positive-to-negative run-on times for a case with the same

percentage greater load than generation.

Now that an explianation of the zeroc crossing effect has been given, a
description can be given of what happens when the net mismatch of load and
generation within an island consists of both watts and vars. As stated
earlier, for some cases'the effects of the watt mismatch and the var mismatch
tend to cancel each other and thereby produce a longer run-on time. For
other cases the two effects tend to reinforce each other and a shorter run-on
time is produced. This is illustrated in Figure 2.2-5, which shows the
run-on times for a series of cases in which the net watts out to the system
were held constant at -400 watts. The net var mismatch was varied from -40
to 40 vars. For negative-to-positive zero crossing interruptions, the effect
of a positive var mismatch of approximately 8 vars produced the longest
run-on time. As shown previously in Figure 2.2-2, the phase error produced

by a negative~to-positive zero crossing interruption in a case with a -400

watts mismatch is in a negative direction (reference wave lags the terminal
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voltage). When an island is created that has a net var mismatch, the
terminal voltage of the TESLACO changes phase in a direction to eliminate the
mismatch. The output impedance of the TESLACO is essentially a 12-ohm
resistor. To produce vars the phase angle of the terminal voltage must shift
its phase angle ahead of the internal reference voltage. Conversely, to
reduce var output the terminal voltage must shift its phase angle back
relative to the reference wave. Therefore, when the var mismatch is 8 vars
positive, the terminal voltage must shift back relative to the reference
wave. This is in the opposité direction to the shift caused by the -400
watts mismatch, and the two effects cancel to produce a relatively long

run-on time.

For a positive-to-negative zero crossing interruption, the longest run-on
time occurred for a var mismatch of -25 vars. This can be understood by
realizing that for a -400 watt mismatch case, a positive-to-negative zero
crossing interruption produced an initial phase error opposite to that
produced by a negative-to-positive interruption and Targer in magnitude. To
cancel this phase error, the var mismatch must be negative and larger in

magnitude. Thus, the longest run-on was obtained for a var mismatch of -25.

When the watts mismatch is +400 instead of -400 watts, the curves would be
very similar to Figure 2.2-5 if the labels negative-to-positive and
positive-to-negative are swapped. All the previous discussion would also be

applicable with the two zero crossing interruptions swapped.
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Effect of Distribution Feeder Characteristics

A series of computer simulations was run to determine the significance of the
characteristics of a distribution feeder that might be included in a
potential island. These simulations included a TESLACO static power
converter, 7200-240/120 volt transformers, distribution feeders, and loads as
shown in Figure 2.2-6. For these simulations the loads were primarily
resistive. Three different distribution feeder configurations were
simulated. These are shown in Figure 2.2-7. These configurations were some
that were found on the 12-kV distribution feeder to which the Alabama Solar
Energy Center is connected. The conductor sizes were chosen to give a range
of impedances for the feeder. Table 2.2-2 gives the results of these
simulations. The feeder characteristics made virtually no difference in the
run-on times. This result is reasonable when the impedance of the feeder is
compared to the impedances of the transformers and the load. The feeder
impedance is insignificant. The only influence that the feeder will have on
run-on times is through the amount of capacitance to ground that it has. As
far as run-on times are concerned, a feeder can be treated as a lumped
capacitor. Its influence will then be how much it contributes to the var

mismatch between load and generation within a potential island.

Effect of Type of Load

The effect of the type of Toad on the run-on times of the TESLACO static
power converter was investigated by computer simulation. For passive loads

(constant impedance type), this effect was found to be not very significant.
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PHASE CONDUCTOR: 4/0 ALUMINUM
NEUTRAL CONDUCTOR: 2/0 ALUMINUM

(A)BASE CASE CONFIGURATION
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(B) CONFIGURATION WITH SMALLER IMPEDANCE

PHASE CONDUCTOR: 170 ALUMINUM
NEUTRAL CONDUCTOR: 1/0 ALUMINUM

(C) CONFIGURATION WITH LARGER IMPEDANCE

FIGURE 2,2-7 DISTRIBUTION FEEDER CONFIGURATION
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(A) LOAD FOR CASE IAIX

3
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< uo.yuf

A}/
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(B} LOAD FOR CASE ICI

FIGQURE 2.2-8 COMPARISON OF TWO DIFFERENT TYPES OF LOAD
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Several cases were run in which the net watt and var output from the island
was the same but the make-up of the load was different. The run-on times for
these cases were not very different. This can be seen by comparing cases
JA1X and IC1, IA2X and IC2, IA3X and IC3 in Table 2.2-1. For the series of
cases designated X, the Toad was the combination of R, L, and C shown in
Figure 2.2-8a. This load was primarily resistive and had only small amounts
of inductance and capacitance. The load in the C-series of cases was as
shown in Figure 2.2-8b. The RL-series load was representative of the load
impedance of a 1-hp motor. The R- and C-shunt elements were adjusted to give
the same net watts and vars of load as were used in the X-serjes of cases.
The C-series of cases had a much larger total of capacitance than the
X-cases. However, the run-on times obtained for comparable cases were very

similar.

When an induction motor is a part of the load, the run-on times for a
specific watt and var mismatch can be different from the run-on time when the
load is a constant impedance type with the same watt and var mismatch. When
the watt and var mismatch is near zero, the two types of loads have virtually
the same run-on times. For this type case the voltage does not change when
the island is created. If the voltage does not change the motor acts like a
constant impedance, and therefore the two cases have similar run-on times.
When there is a watt mismatch within the island, the voltage changes when the
island is created. This causes the power factor of the motor to change and
thus the apparent impedance of the motor to change. Therefore, the two

run-on times will be different.
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The different run-on time for the case with motor load can still be analyzed
in terms of watt and var mismatch. The key to this is knowing how the watts
and vars taken by an induction motor change as the voltage is changed.

Figure 2.2-9 shows this relationship, which was determined using the EMTP
induction motor model. The power taken by the motor remains relatively
constant. The vars taken by the motor increase as the voltage increases, but
do not increase as much as the square of the voltage. The vars produced by
capacitance within the island increase in proportion to the square of the
voltage. Thus, if the initial voltage change when the island is created is
positive, the initial var mismatch becomes larger. Compare cases IC2 and ID2
and cases IC3 and ID3 in Table 2.2-1. The difference in the cases is that
cases IDZ and ID3 have a 1-hp induction motor modeled, and cases IC2 and IC3
have an RL-series impedance that takes the same amount of watts and vars (912
watts and 1151 vars) as the 1-hp motor does at normal voltage. Cases IC2 and
ID2 initially have 400 watts less load than generation and have var loads
balanced with var generation. When the island is created the voltage rises
so that the watts of the load will match the watts of generation. Since the
watts taken by the motor in case ID3 change very little with voltage and the
watts taken by the constant impedance representing a motor in case IC2 change
with the square of the voltage, the voltage in the island rises somewhat
higher in case ID2 than it does in IC2. The var Toad and var generation (due
to capacitance) both change as the square of the voltage in case IC2 so that
the var mismatch remains approximately zero. However, in case IDZ2 the vars
required by the motor do not increase as much as the vars generated by the
capacitance. Therefore, a positive var mismatch is created. Case ID2 is

effectively like moving a short distance to the right away from the zero var
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line in Figure 2.2-5. The difference between run-on times for
positive-to-negative and negative-to-positive zero crossing interruptions
tends to increase. This is what you see when comparing case IDZ2 to IC2; the
difference in run-on times for positive-to-negative and negative-to-positive

interruptions is greater.

Cases IC3 and ID3 initially have a load 400 watts more than generation and
have var load balanced to generation. When the island is created, the
voltage must decrease. Reasoning similar to that given above leads to the
conclusion that case ID3 winds up with a negative var mismatch and is
effectively like moving a short distance to the left away from the zero var
line in Figure 2.2-5. This tends to decrease the difference between

negative-to-positive and positive-to-negative run-on times.

Another effect of having an induction motor as part of the load was noted.
Increasing the amount of inertia of the motor generally tended to increase
the run-on time of the TESLACO. The simulations made to study this effect
are summarized in Table 2.2-3. The only difference between the four
simulations given in the table was in the amount of inertia represented for
the motor. It appears that increasing the inertia of the motor allowed the
motor to hold its terminal voltage (and that of the TESLACO) more constant in
magnitude and phase. This reduced the phase error initially detected in the
phase-locked loop of the TESLACO and resulted in a longer run-on time. The
trend of increasing run-on time for increasing inertia did not always hold.
Going from three times the base case inertia (case ID12X) to six times the
base case inertia (case ID12Y) resulted in approximately the same run-on

time. It is not known why this occurred.
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Effect of the Number of SPCs in the Island

Several computer simulations were made with two TESLACOs within an island and
one was made with four TESLACOs within an island. The results of these
simulations are given in Table 2.2-4. With each of the TESLACOs producing
maximum output (4000 watts), and with the load twice what it was in the
single TESLACO cases, run-on times were obtained in the two TESLACO cases
that were very similar to those obtained in the corresponding single TESLACO
cases. For example, compare cases IB1, IB2 and IB3 in Table 2.2-2 with IIBI,
1I1B2 and IIB3 in Table 2.2-4. In the IIB series the two TESLACOs were
located 1000 feet apart on the same feeder that was used in the IB series.
The Toads in the IIB series were approximately double but were adjusted
slightly to make the overall watt and var mismatch twice that for the IB

series. The run-on times for these cases were virtually the same.

Also shown in Table 2.2-4 is a series of cases for which the two TESLACOs
were separated by 3000 feet of distribution feeder. One of the units was
producing 4000 watts and the other was producing 2000 watts. Al1l the load
for this series was located at the end of the feeder with the TESLACO that
was producing 2000 watts. This insured that there would be a great deal of
power flowing on the feeder for this series of cases. 1In case IIFl and IIF2,
with load watts and vars matched to generated watts and vars, the run-on
times were approximately 1.6 seconds. This was very similar to the run-on
times for a singie TESLACO balanced case. The run-on times for the 10% and
20% load mismatched cases were also fairly similar. For all of these cases,
when one TESLACO reached a 6° phase error and shut down, the load-generation
mismatch for the other became so great that it shut down only a half-cycle

later.
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For the case with four TESLACOs within the island, the system was modeled as
shown in Figure 2.2-10. The only simulation made for this situation was for
load watts and vars matched to generated watts and vars. This case gave a
run-on time of 1.3 seconds. It appears that adding more TESLACOs in the
island does not tend to stabilize the island and keep it energized longer.

multiple TESLACO island behaves much the same as a single TESLACO island.
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Effect of Load Variation and Solar Insolation Variation

Most of the computer simulations were made with constant loads and constant
solar insolation. In a realistic system these two parameters can vary during
the duration of an island. The most probable effect of having variable loads
and solar insolation is to reduce the run-on time. It is possible, however,
for the changes to increase the run-on time. These effects were studied

briefly and the results are summarized in Table 2.2-5.

When an island is created, the phase error between a TESLACOs internal
reference wave and its terminal voltage eventually increases to 6 degrees,
and then the device shuts itself down. There can be a transient period for a
few cycles after the isiand is created in which the phase error takes a jump
and then decreases. After this period the phase error steadily increases in
magnitude. If a change in load or in solar insolation causes a phase shift
that is opposite to this error, then a longer run-on time can be achieved.

In case IA2XI a decrease in solar insolation produced a run-on time that was
.34 seconds longer than it would have been without the decrease. This case
initially had approximately 400 watts more generation than load. The
reduction in solar insolation from 100 mW/cm2 to 90 mW/cm2 reduced the output
of the TESLACO by about 400 watts, thereby achieving more of a balance
between load and generation. This had the effect of reducing the phase error

and delaying the inevitable shutdown by a short time.
A step change of watts load can cause a different phase shift depending on
the time during a cycle that the change occurs. Cases IAIXL2 to IAIXL2C in

Table 2.2-5 illustrate this effect. The only difference among the cases is
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the time at which the 200-watt reduction in load took place. For Case IA2XL2
the run-on time was increased by .7 seconds over the case with no load
change. It is theoretically possible to have a series of load changes or
solar insolation changes each of which will momentarily reduce the phase
error and delay the eventual shutdown of the TESLACO. In this fashion, much
longer run-on times could possibly be achieved. In order for this to happen,
the Toad or insolation changes must be of appropriate magnitude and occur
only at certain times during a 60-Hz cycle. It is very unlikely that load
changes on a utility system or solar insolation changes would cause an island
to persist for more than a second longer than it would have in the first

place.
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Unfolder Errors

Several of the computer simulations resulted in what has been termed unfolder
errors. This is a condition in which the unfolder circuitry does not
function properly and the output of the TESLACO is a rectified sine wave.
This phenomenon had been seen before in a previous simulation of a TESLACO
SPC [6]. For the unfolder circuitry to work properly, zero crossings of the
terminal voltage of the TESLACO must be detected. When the SPC is connected
to a utility there will always be zero crossings and the unfolder circuitry
will work properly. However, when the TESLACO is in an islanding condition

the terminal voltage does not always cross zero.

As explained in Appendix B, the internal reference wave of the TESLACO is a
fully rectified sine wave. When in an islanding mode, the load within the
island determines the phase angle of the terminal voltage with respect to the
reference wave. If the terminal voltage leads the reference wave, it will
cross zero prior to the reference wave's reaching zero and beginning to
increase again. Thus, a zero crossing in the terminal voltage will always
occur. However, if the terminal voltage lags behind the reference wave, the
reference wave will decrease to zero and begin to increase prior to the
terminal voltage's crossing zero. When the reference wave reaches zero and
begins to increase, it produces a transient, which propagates through the
TESLACO. This transient will sometimes force the terminal voltage away from
zero, thereby preventing a zero crossing and the resultant action of the

unfolder.
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Two adjustments were found that could be made to the load in order to
eliminate the unfolder errors. One adjustment is to make the load more
inductive. This tends to advance the phase of the terminal voltage with
respect to the reference wave and therefore to allow zero crossings to

occur. A second adjustment is to increase the capacitance in the load. More
capacitance in the load tends to slow the response of the circuit to the
transient that is produced when the reference wave stops decreasing and
begins to increase. This has the effect of allowing the terminal voltage to
cross zero. For the simulations that resulted in unfolder errors,
capacitance and inductance were added to the Toad so that the net vars of the
load were unchanged. This always allowed the simulation to run without

unfolder errors.

Summary of Computer Simulations

The following observations were made from the results of the computer

simulations of the TESLACO self-commutated SPC.

1. The run-on time for the TESLACO will be different depending on
whether the island was created by interrupting current on a
negative-to-positive zero crossing or on a positive-to-negative

Zero Crossing.

2. The composition of the Joad within an island is not very important

in influencing run-on times. The net amount of watts and vars of

load js of primary importance.
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Distribution feeder conductors and configurations have little

influence on run-on times.

Run-on time is more sensitive to mismatches in var load and

generation within an island than it is to mismatches in watts.

Two TESLACOs within an island at the same location will have the
same run-on tfmes as one TESLACO at that location with half the

load.

Run-on times are not increased by having more than one TESLACO

within an island. If anything they are decreased somewhat.

Unfolder errors can occur for some load conditions. This refers to
an operation in which the unfolder circuitry of the TESLACO does
not work properly and the output of the SPC is a fully rectified

sine wave instead of a normal sine wave.

The longest run-on times for the TESLACO can occur for two
conditions: 1) when the mismatch between load and generation in
the island is approxﬁmate1y zero; and, 2) when there is a watt
mismatch of several hundred watts and the var mismatch is in the

range of 5 to 25 vars.

The TESLACO will shut down immediately (within two cycles) if the
watts mismatch is in the range of 40% of the device's rating or if

the var mismatch is in the range of 20% of the device's rating.
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A series of lab tests was designed to verify many of the observations made
above. A number of tests were planned to make sure that the TESLACO would
not run on indefinitely regardless of how well the load was matched to

generation. The TESLACO lab tests are summarized in Section 3.2.
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2.3 Analytical Results for a Gemini Line-Commutated Static Power Converter

The Gemini static power converter modeled in this project was a line-
commutated 6-kW single-phase converter. A block diagram model of the Gemini
converter was supplied by Paul Krause and Associates. In this project, a
detailed model was developed for the EMTP digital computer program based on
the Krause model. Details of the computer model along with verification of
the EMTP model based on a comparison with results from Krause's analog
computer model are given in Appendix C. The EMTP computer model was then
used to predict the operation of the converter following disconnection from

the utility (islanding).

A typical single Gemini islanding simulation setup is shown in Figure 2.3-1.
In most cases the solar insolation was assumed to be constant resulting in a
constant power output of the array. The converter has a voltage and current
regu1a;or circuit that acts to hold the array dc voltage to a constant value
equal to a user-set reference voltage. The regulator circuit maintains the
constant array voltage by adjusting the SCR firing times, which vary the
converter output current. Details of the regulator circuit and converter
operation are given in Appendix C. The final stage of the converter is a
350/240-V step-down transformer. This transformer was modeled as an ideal

transformer with its through impedance.

Local loads were then modeled on the terminals of the converter. In most

cases the loads were combinations of parallel R-L-C elements. In a few
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simulations rotating loads were modeled in detail to examine their effect on
the island conditions. The total load was adjusted to allow the desired
power flow through the utility switch prior to islanding for the various
islanding conditions. The EMTP simulations were started and allowed to run
for 400 ms to reach a steady-state operating condition, and then the utility

interface switch was opened.

There are two major differences between the simulation results reported for
the TESLACO SPC and the simulation results for the Gemini. In our simulation
of the TESLACO SPC it was found that the zero crossing at which current is
interrupted to form an island (positive-to-negative or negative-to-positive)
had an impact on the run-on time. Many of the Gemini SPC cases were run with
the island being formed following interruption at each type of zero crossing,
but this did not change the case results. Only one zero crossing is reported
for the Gemini; the interruption occurs on the first zero crossing of the
converter output current after 400 ms of simulation. The second difference
is that the concept of "run-on time" described for the TESLACO has less
significance for the Gemini. This is clarified later in this discussion.
Many of the cases ran on indefinitely. In order to determine other
characteristics that would be significant in classifying the Gemini islanding

conditions, the island voltages and currents were monitored.

The Gemini could shut down during an islanding condition for either of two
reasons. The first would be a commutation failure.
This is discussed at length with the effects of load types. The second

reason would be operation of the Gemini's undervoltage monitor in its control
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circuitry. The converter trips off if the ac terminal voltage is less than
approximately 80% of its normal peak value of 339.4 V. Given these
restrictions, there may be practical load conditions that will cause the
Gemini to continue to operate after an island is formed. This type of
operation is not desirable from a utility's standpoint. The frequency of
the ac terminal voltage in islanding operation is dependent on the local Tload
and PV generation. The frequency variation from 60 Hz when islanding occurs
appears to be the most significant factor that could be monitored to
determine if the utility supply has been lost. Therefore, the frequency of

the islanding system was monitored in our simulations.

Two factors complicate the analysis of the Gemini converter. The first is
that the output current contains a significant amount of harmonics. The
local loads used in the computer model and the loads to be used in the
laboratory experiments are parallel R-L-C elements. These Toads draw mainly
fundamental (60-Hz) current when connected to the utility. Prior to
islanding, the Gemini's harmonic current flows through the utility switch and
out to the system. It is very difficult to "zero out" this current, thus
power flows out to the system. Therefore, we do not have a zero power
mismatch type of case for the Gemini. In our simulations, a Fourier
transform of the ac terminal voltage and output current waveforms for the
cycle just before opening of the utility interface switch were calculated.
The fundamental component of the voltage and current in this cycle was used
to calculate the watt and var output. A "balanced load" was calculated to be

equal to this fundamental volt-ampere output.
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The second factor complicating the analysis was the mode of operation; either
continuous current or discontinuous current. The mode of operation depends
on the power available from the array and the selection of converter dc
reference voltage that fixes the array voltage. A description of the two
modes is given in Appendix C. Most Gemini simulations were run in both

operating modes.

Effects of Load Types

The initial group of simulations had local Toads that were resistive only.
During the first commutation period following the opening of the utility
switch, the SCR bridge was short-circuited. As described in Appendix C,
normal commutation for a Tine-commutated converter requires that the utility
source (or island load in this case) attempt to force current back through
two of the four SCRs to cut them off. In the case of a resistive load, the
load voltage drops to zero during commutation. A1l four of the SCRs remained
closed and the output of the Gemini dropped to zero. For this reason, R-C
foads were used for most of the remaining simulations. During commutation,
the capacitance of the load has a stored voltage across it. When the SCR
bridge shorted out, this voltage attempted to drive reverse current through
two of the SCRs, allowing normal commutation. 1In all of our simulations in
which the local load supplied 60% or more of the reactive power requirements
and the watt load was less than 130% of the output of the Gemini prior to

islanding, the unit ran on indefinitely.

For this reason, run-on time does not have the significance that it did for

the TESLACO unit. In reviewing the early simulation results it was apparent
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that the watt and var mismatch at the time an island formed was the important
parameter which dictated the characteristics of the resulting island voltages
and currents. Several cases were run to demonstrate that the net watt and
var mismatches were the important parameters. This was accomplished by
running cases with an R-only load and comparing them to an R plus a parallel
L-C load. The L-C load was sized so that its reactive contributions can-
celed each other. In both cases the unit shut down in less than one cycle.
Cases with parallel R-C loads were also run and compared to R-C plus another
parallel L-C load section. The parallel L-C section was sized so that its
reactive power contributions cancelled each other. The results of these two
types of cases were the same. Therefore, the makeup of the load was not

significant. Only the net watt and var mismatch was important.

The final type of local load that was modeled included rotating machinery.
The EMTP universal machine model described in Section 2.1. was used to model

a single-phase induction motor in detail.

In early simulations, the Gemini and local loads were connected through a
typical distribution transformer and feeder to a substation. A utility
breaker opening was modeled in the simulations to initiate the island.

After being convinced that the losses of the distribution transformer and the
capacitance of the distribution line behaved similar to an equivalent lumped

load model, the cases were simplified.
The resistive and capacitive local load was varied in + 1%, + 3%, + 5%,

+ 10%, and + 50% steps to study the effect of watt and var mismatches on the
T + p

island voltages and currents. The effect of real and reactive power
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mismatches is discussed separately in the next two sections. The effect of
motor load in the jsland is described following the watt and var mismatch

discussion.

The fundamental component of the voltage remains fairly constant before and
after the island for a "matched load" case. The composite terminal voltage
waveform including all harmonics does not remain the same. The net result is
that the composite ac terminal waveform is reduced in magnitude when the island
is formed. When an island is formed with the Gemini and a balanced local load
(watts and vars), the array voltage, output fundamental component of watts and
vars, and ac terminal voltage frequency remain fairly constant. The unit runs

on indefinitely in both modes of current operation.

Effects of Real Power Mismatch

If only real power is flowing (a watt mismatch) at the time when the utility
interface switch opens to form an island, the fundamental component of the
island voltage adjusts to a value equal to the square root of the power out of
the converter times the resistive load in the island. The effect of

varying the output watt mismatch is shown in Table 2.3-1. The important trends

are summarized below:

TERMINAL VOLTAGE

GEMINI OUTPUT 60 Hz
pf MAG FREQ
Island load > generation increase decrease constant
Istand load = generation constant constant constant
Island load < generation decrease increase constant
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These trends are illustrated in Figures 2.3-2 and 2.3-3 where the local load
is 50% greater than and 50% less than generation. The 50% greater case would
actually shut down in one cycle. The shut-down logic was disabled so the

effect of local mismatch would be pronounced on the plot.

Effect of Reactive Power Mismatch

If only reactive power is flowing (a var mismatch) at the time when the
utility interface switch opens to form an island, the steady-state magnitude
of the fundamental component of ac terminal voltage of the island remains
fairly constant. A transient voltage condition occurs, which may cause the
Gemini's undervoltage relay to operate. This occurred for var mismatches of
40% or more. The power factor of the Gemini is a function of the ac terminal
voltage; therefore, it remains fairly constant in the island. Since the
Gemini's var requirement does not change, the frequency of the island ac
terminal voltage will be forced to change. The effect of varying the var
producing load is reported in Table 2.3-2. A summary of the important trends

is given below:

TERMINAL VOLTAGE

GEMINI QUTPUT 60 Hz
pf MAG FREQ
Island producing vars prior constant constant decrease
to separation
Island vars balanced prior constant constant constant
to separation
Island receiving vars prior constant constant increase

to separation
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Effects of Motor Load in Island

A detailed machine model was developed and used in combination with R-L-C
loads to provide the boundary conditions described in Table 2.3-3. The motor
cases demonstrated the same general relationships observed in the passive
load cases. In all islanding cases the frequency undergoes a transient when
the island is formed. It oscillates around its new steady-state value for a
half-second or more before reaching a constant value. When a motor is in the

load, the oscillations seem to be larger in value and take a longer period of

time to damp out.
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Insolation Variation During Islanding

For the Gemini converter the watt output is directly related to the insolation.
If the insolation is reduced a sufficient amount that the ac terminal voltage
drops below 80% of its nominal value the unit will shut down in one cycle. A
simulation of this case is given in Figure 2.3-4. The Gemini was allowed to

island for 200 ms. The insolation was then decreased unti]l the unit shut down.

Load Variation After Islanding

The Gemini converter has control circuitry to sense the reduction of the peak ac
terminal voltage to below 80% of its nominal value. The simulation of load
varijation was made by adding a watt load in 10% steps from 100% to 150% of
matched load every 200 ms after a sustained island was formed. The reactive
Toad was assumed constant. The result of this simulation is given in Figure
2.3-5. The unit was shut down by the low voltage control after the third step
was switched in. Another simulation was run in which 20% steps of inductive
load were switched in after a sustained island had formed. These were designed
to cancel the local capacitance's var production. The frequency of the terminal
voltage increased, and the capacitive load provided the vars required by the
inductive load following each step of inductive Toad. The unit continued to
island, as illustrated in Figure 2.3-6, even after the inductive load had a
60-Hz var requirement equal to the capacitors' 60-Hz var production capability.
This is interesting because cases of this type shut down immediately when
inductance and capacitance of these values were in the load at the time the
island was formed. It appears that a transient condition at the time of

interruption caused a commutation failure that shut down the previous cases.
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FIGURE 2.3-5 VARY WATT LOADING
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FIGURE 2.3-6 VARY VAR LOADING
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Conclusions from the Simulations and Proposed Laboratory Testing.

The following observations were made from the results of the Gemini computer

simulations.

1. The Gemini can form a sustained island if the following load/generation
conditions exist and if the unit does not have over/under frequency and

overvoltage protective circuits.

a. The island load must be able to supply 60% or more of the pre-island

Gemini var requirement.

b. The island watt load must not exceed 130% of the watt generation of

the Gemini.

2. If the Gemini has over/under frequency (+ 1 Hz) and over/under voltage
protection (+ 10%) either in the device itself or in the interface
between the device and the utility, then the conditions for sustained

islanding become much more restrictive.

a. The island load must subp]y an amount of vars which is within 3% of

the pre-istand var requirement of the Gemini.

b. The island watt load must be within 25% of the watt generation of the

Gemini.
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The watt and var mismatch at the island boundary is the most important
factor in determining the characteristics of the island. Watt mismatches
affect the magnitude of the ac voltage. Var mismatches affect the

frequency of the ac voltage.

The makeup of the load is not important, only the resulting mismatch as
just described. This indicates that feeder characteristics and
distributed load do not have a significant role in determining islanding

results.

Motor load in the island behaves basically the same as passive loads, but
the time required to reach steady-state island conditions (voltage

magnitude and frequency) is longer.

A sufficient reduction in insolation during islanding will cause the

Gemini to shut down due to low voltage.

The variation of load during islanding has different effects based on the

type of Toad.

a. Increasing watt loading above 130% of Gemini's watt output will

result in a shutdown due to undervoltage.

b. Decreasing capacitance gradually to zero will result in a commutation
failure shutdown when the var production is less than 10% of the

pre-island var requirement.
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c. Increasing inductance gradually will result in a continued sustained
island with a higher frequency. Increasing inductance in large steps
(50% of vars being produced in the island at the time) can result in

shutdown due to a transient undervoltage condition.

The simulation results indicate that the Gemini inverter without overvoltage
and over/under frequency protection will allow a sustained island to be
formed for a fairly wide range of cases. The proposed lab experiments
include a balanced case, +10% and +50% variations in watt and var load
cases. These cases should be run in both modes of current operation.

This range of tests should demonstrate the indefinite run-on cases and
immediate shutdown associated with commutation failure and undervoltage

detection.
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2.4 Analytical Results for Combinations of TESLACO and Gemini Static Power

Converters.

Computer simulations were run that modelled islanding in which combinations
of TESLACO and Gemini SPC designs were in the island. The results of these
simulations are given in Table 2.4-1. The focus of these studies was to
determine if the two types of SPCs could somehow support each other during
jslanding and create longer duration islands. In single-converter TESLACO
simulations the longest run on time was 2.3 sec. In single converter Gemini

simulations, there were cases that ran on indefinitely.

The results of the multiple unit simulation were much as expected. In one of
the cases (G.T.I.A.1), in which the watt load and watt generation in the
island were balanced and no var support was provided, the Gemini unit shut
down immediately. The TESLACO unit experienced a watt mismatch equal to the

watts previously supplied by the Gemini and shut down in .007 sec.

In all of the remaining cases var support for the Gemini was provided in the
local load. In these cases the TESLACO unit determined the initiation of
shutdown for the island. Once the TESLACO sensed a phase error of a
sufficient amount, it shut down. The Gemini was left with the entire load of
the island. In all of our simulations, the island load was large enough that
the island voltage dropped following the trip off of the TESLACO unit to a
level at which the Gemini undervoltage circuit picked up. The Gemini tripped

off in one cycle after the TESLACO in these cases.
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Several cases were run, which are not reported in the table, to investigate
“the separation of PV generation and the distribution of load along a typical
feeder. In the cases in which separation was studied, particular emphasis
was placed on mismatching the load and generation at each PV site while
maintaining a balance at the utility interface. The objective was to force
a power transfer on the distribution feeder during the island. The results
of these cases were not significantly different from those reported in Table

2.4-1 and did not result in longer run-on times.

The results of the combination tests indicated a maximum run-on time of
1.421 seconds for the TESLACO, which is less than the single-unit TESLACO
simulations. In all cases, the Gemini shut down in the combination
simulations due to undervoltage. Based on the single-unit simulations, the
Gemini could run on indefinitely following the TESLACO shutdown if the
island load were less than 130% of the Gemini's capability. This was

demonstrated in the TVA field tests, which are reported in Section 4.4.
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III. LABORATORY EXPERIMENTS

The objectives of the laboratory experiments were to validate the SPC models
and confirm the threshold values of the islanding windows as predicted by the
detailed computer simulations. Furthermore, controlled conditions were
attained in the laboratory to perform sensitivity analyses on the system

parameters that may affect the static power converter islanding performance.

The laboratory experiments were performed at the Georgia Power Company's
relay testing laboratory in Atlanta, Georgia, where the following

experimental setup was designed and constructed.

3.1 Description of the laboratory Setup

3.1.1 Construction of the Laboratory Setup

The intent of the laboratory setup was to provide a test environment that
represented the "real world" as closely as possible. Figure 3.1-1 shows the
detailed interconnections of the test fixture. The laboratory setup was
designed so that two SPCs operating in parallel could be tested at the same

time.

In the experiments, two different types of SPCs were employed: a TESLACO,
4-kW unit and a Gemini, 6-kW unit. There were two identical units of each
type, and all of them were provided for testing by Sandia National

Laboratories.
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The input dc power to the SPCs was provided by means of controlled dc power
supplies (0-300 Vdc). These dc power supplies were used to represent the
photovoltaic arrays and were powered by a 50-kVA diesel generator to operate

independent of the utility power.

The utility grid was one phase of the three-phase 480-Vac distribution
system, which also supplied power to the building. The SPCs were connected

to the utility grid through 480/240-V, 25-kVA transformers.

The loads used in the experiments included resistive, inductive, and
capacitive loads as well as a dynamic load, which was a 1-HP, single-phase
induction motor. The setup was designed so that the loads could easily be
adjusted over a range of values changing from lagging to leading power

factors.

Another independent 120-Vac source supplied power to the data acquisition
system, which monitored the status of the istand before and after the
separation from the utility. The data collection system was composed of a
test panel containing various switches, current transformers, voltage
transformers, and transducers monitored by a 1l6-channel digital analyzer.
The digital analyzer consisted of a Gould Recording Systems Model DASA
16-channel A/D data analyzer, an IBM PC/AT controller, and an Iomega

Bernoulli 10-megabyte cartridge data storage unit.

The real-time display of variables within the test system or within the

static power converter was done with a Nicolet Model 320 digital
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oscilloscope. A complete list of the equipment used during the experiments

is shown in Table 3.1-1.

After the test system was assembled, it was tested and calibrated by applying
a potential of 240 Vac and a current of 25 amperes to the test panel and
adjusting the calibration potentiometers of each transducer to their
factory~recommended values. The system was recalibrated twice during the
tests, and various portions were checked on numerous occasions to verify the
accuracy of the data. The intent of the test system design was to provide

highly accurate results, with the overall accuracy approaching 2 percent.

3.1.2 Test Procedures

The test procedures followed during the experiments were similar to those
outlined in Reference [7]. These test procedures included detailed
instructions for switching the utility, controlling the SPC, and adjusting

the loads.

After analyzing the results of the initial computer simulations for the self-
and line-commutated static power converters, a list of laboratory tests was
proposed. These tests were single-unit and two-unit tests of each SPC plus
one group of TESLACO-Gemini Cases. The details of the tests are provided

later in the report.
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Table 3.1-1 Test Equipment

A. Digital Data System:
Gould DASA 16 Channel Data Analyzer

IBM PC-AT Computer Iomega Bernoulli 10 Meg. Cartridge Storage Unit

B. Instruments:
Polymeter - Dranetz Model 325
Voltage, Current, Phase Angle
Phasemeter - Dranetz Model 314
Voltage, Current, Phase Angle
Power System Analyzer - Dranetz Model 3105
Power, Reactive power, Instantaneous Phase Angle, Harmonics
Oscilloscope - Nicolet Model 320

Multimeter - Keithley Model 175

C. Equipment:
Watt-Var Transducers - Scientific Columbus Model XLWV3-1K5-2.5A2

Current Transformers - Westinghouse Type C5B-10 Pearson Model 110

Current Shunts - Janco Model 8765

Potential Transformers - Westinghouse Type T6-A
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For each of the laboratory tests, the desired operating point of the
prospective island was set by the simultaneous adjustment of dc power supply,
loads, and SPC controls according to the test procedures. The fine-tuning of
the desired mismatch between the SPC power and load power was accomplished by
adjusting the local load. The isolated operation was initiated by opening a
switch that connected the utility to the SPCs and the loads. The switch was
synchronized to the data acquisition system so that the switch system

conditions were recorded both before and after the switch was opened.

The results of the experiments were recorded in the form of oscillograms and
discrete data on a magnetic tape. The data include current flow on all
energized circuit elements, total active and reactive power supplied by the
SPCs, total active and reactive power delivered to the loads, system voltage,
system frequency and duration of the island. Maintenance probiems with both
of the SPCs were frequent enough to prevent the performance of some two-unit

tests, as both units were not operable at the same time.
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3.2 TESLACO Static Power Convertor Laboratory Tests

Numerous laboratory tests were performed using a single TESLACO static power
converter with varying load conditions. The types of tests performed were
basically the same as those done in the computer simulations. The tests
included resistive load only tests, resistive and inductive load tests, and
tests with motor loads. One of the primary purposes for the lab tests was to
provide verification for the computer simulations. This turned out to be
difficult for several reasons. One reason was the switch that was used in
the 1ab to interrupt the current to the utility to create the island. In the
simulations, this switch was assumed to open at current zeroes. In the lab
tests the switch did not wait for current zerces. It chopped current and
opened whenever it got a trip signal. As pointed out in the section
describing simulation results, the point on the current wave that the switch
opens makes a difference in run-on times. Therefore, the simulations had to
be rerun and the switch set to open at the same time as it had for the lab
tests in order to get comparable results. The switch used in the lab was
able to interrupt at a current different from zero because it was operating
in a 240-volt circuit. On a utility system, the breaker that opens to create
a potential island will be operating at the utility's distribution voltage
(on the order of 12 kV). It should interrupt only at current zeroes. Even
if it does interrupt at a current other than zero, the run-on times siven for
the TESLACO should be conservative. Numerous simulations revealed that the

maximum run-on times occurred for interruptions at current zeroes.

The second reason that it was difficult to verify the simulations with the

Tab tests was the way that watts and vars were measured in the lab tests.
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Figure 3.2-1 shows a typical setup for a lab test. Watts and vars were
measured at location 1 - out of the TESLACO and at location 2 - into the
load. No watt and var measurement was made at location 3 - out to the
system. It was assumed that the difference between the measurement at
location 1 and the measurement at location 2 would equal the watts and vars
out to the system. Ideally this would be true. However, the TESLACO
operates at near unity power factor, and for a number of the tests the load
was also near unity power factor. The transducer used to measure vars had
its worst accuracy at near unity power factor conditions. It was estimated
later that under these conditions the var measurements could have been off by
as much as 40 vars. Therefore, the calculated vars out to the system could
have been in error by as much as 80 vars. As pointed out in the section
describing the computer simulations, the run-on time is very sensitive to the
amount of var mismatch between load and generation within the island. When
simulations were made in an attempt to match the lab tests, the vars flowing

out to the system in the pre-island condition were treated as a varijable.

A third reason that it was difficult to verify the simulations with the lab
tests was that the initial simulations were made with a generic PV array
model as input to the TESLACO. The lab tests were made with a dc power
supply used as input to the TESLACO. The I-V curve for the array used in
the simulations is shown in Figure 3.2-2a. The power supply had a current
1imit circuit, which had to be used to prevent it from increasing its power
output during certain tests. This resulted in not being able to run the
tests at the full power output level of the TESLACO at which the simulations
had been made. Also, a .46-ohm resistor was used between the power supply

and the TESLACO to limit current into the TESLACO when it was in its start-up
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mode. One of the checks made by the TESLACO during start up is to short its
input to see if enough current is available. Without this resistor, the
current from the power supply is enough to damage some relay contacts on the
TESLACO. When new simulations were made to match the lab tests, a simple
power supply model was used instead of a PV array. The model had an I-V
curve that looked 1ike Figure 3.2-2b. It is not known how well the simple

power supply model represented the actual device.

The results of the lab tests are summarized in Tables 3.2-1 and 3.2-2. The
results of the simulations run to match selected Tab test results are given
in Table 3.2-3 and 3.2-4. These tables show how sensitive the run-on times
are to small changes in the mismatch between vars generated and vars of load
within the island. By varying the var mismatch within the island, run-on
times were obtained from the simulations that are reasonably close (within .2

seconds most of the time) to the run-on times of the lab tests.

The comparison of test series IAIV to series IA2V in Table 3.2-1 illustrates
why it was thought that the var measurements in the lab tests were in error.
Test series IAlV had a resistive load that was matched to the generation of
the TESLACO; Since the instruments showed the TESLACO to be producing
between 44-116 vars, the resulting flow from the island to the system prior
to disconnection was O watts and 44-116 vars. The run-on times were 1.0-1.3
seconds except for test IAIV-7, which will be discussed later. Test series
IA2V used loads that supposedly matched the watts and vars generated within
the island so that the net output from the island to the system was
approximately 0 watts and 0 vars. These tests had run-on times ranging from

.89 to .96 seconds. These results are counter to intuition and to computer
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WITH POWER SUPPLY 1-V CURVE

87



simulations. It seems reasonable to expect that the longer run-on time would
occur for the more balanced test. This is what the computer simulations
show. For a case with the watt and var load balanced within 1 watt and 1 var
of the generation, the run-on time obtained was 1.5 seconds. When the var
flow from the island to the system was approximately 50 vars, the run-on time
was .7 seconds. Therefore, it appears that for test series IA2V, the vars
were not really balanced. It appears that the var mismatch for this test
series was more like 20-30 vars instead of being balanced. For test series
IA1V, the var mismatch was probably more 1like 10-15 vars instead of 44-116
vars. Test IA1V-7 is exceptional in that its run-on time was 2.65 seconds.
This result would be expected for a test in which the load was very closely
matched t6 the generation. Because the reported var mismatch for this case
was 94 vars, this test implies that the measured vars could have been off by

as much as 94 vars.

In order to verify this conclusion some auxiljary tests were made at Sandia
National Laboratories in Albuquerque. For these tests the watts and vars
flowing from the island to the system were measured directly thereby allowing
more accuracy in their determination. A series of tests was made in which
the load watts matched the watts generated. The var mismatch ranged from
-200 to 456. The results are plotted in Figure 3.2-3. This series showed
that the longest run-on time was obtained when the var mismatch was near
zero. Also plotted in this figure is a curve of simulation results made
under similar conditions. The simulation run-on times are within .2 to .3
seconds of the lab run-on times; a reasonably good match. Therefore the

conclusion is that most of the difference in run-on time between the

88



LLes 9°¢ 9°¢ehe 91 oh9 09 oohe 97 ohoe
GiLL” Lo 9 ehe 0 009 79 othe H9 0ot
Gl L'il 9°¢he ¢l oh9 8t oowe 09 oto¢g
‘pasue|eq sJ4eA fuoiledsuab ueyl ssa| %02 peO| Silem f{A|UO peO| BA11SIiSaY
269° Z2'thl 9°¢he 0 09¢- ot 00ohe oh ohog
cLL” 2 L 9 ene | 09¢-~ wh 00he 8t oho¢
‘peoue|eq sJqeA fuoliessusab ueyl aJou ¢ ¢l peo| silem {Ajuo peo| BAI13S)SIY
191" Gt 2 'hne 0 00t we 0h9e he 0t0¢
GlLL” el 2 "hhe h ottt he 0092 8¢ (8):{03%
‘pasueleq sJ4eA ‘uollesauab ueyl ssayp %¢°¢1L peoj silem A|uo peEO| dA1IS1ISIY
€G6G° 1L 66 2 ihe 9t~ 00e- 80L 002¢ 26 000¢
G9L° L 2'91 2 ine 91- 00¢- 2Lt 00ec¢ 96 000¢
[h9° L 2’91 g°Lhe 8- 00¢- 801 002¢ 0oL 000¢
G09°1 2’1 9 ¢he 91- 002~ th ohee 82 0ohoe
18G°1L '8 9 ¢he 0 00¢e~ 9¢ ohee 9¢ 0hot
GEhL €' h 0°ene 91~ 002- ()] ohee he 0hO¢t
‘paoue|eq saeA fuoiiedauab ueyil adsow %1°9 peo| silem 1Ajuo peo| dAl1SIsS3Y
IV he g Lhe elL- 00e 801 008¢ 96 000¢
€Ll it 8°Lhe gL- 002 20t 0082 he 000¢
Gll"® 0'8 g8 Lhe 0eZ- 00¢e 801 0082 88 000¢
oon” 6° h 6ohe 0 00e gt on8e 91 0hot
28’ 'L h ohe f- 002 he ohge 0e (0)s]01%
299° 6°ht fi'ene g 002 26 0082 09 010¢€
t99° 0°€t o"ene 0 00¢ 49 0h8<e 2§ 0ho¢
‘peoueieq sJeA fuoiledausab ueyl ssa| %1°9 peo| silem Ajuo peo| aAl1ISIsS8Y
€02 L 0°¢lL 2 Lhe c0lL 0 9 000¢ 801 000¢
G201 S L 2 ihe Lit 0 G 000¢ 91t 000¢
069°2 1 g8 ihe hé6 0 9 000¢ oot 000¢
¢oL"L 0o°¢t 8 Lhe 20L 0 9 000¢ 801L 000¢
li1e°L 9°¢lL ' ehe T 0 0 oho¢ hh 0h0¢€
cie’t L°ct h2he 8t 0 0 ohoe 8h 0ho¢
G6L"L LoLL 8 Lhe th 0 0 oto¢ hh (01r{03%
6€¢° 1L 9° g Lhe 9¢ 0 0 0ho€ 96 010¢
€611 it g Lhe 2L ot 0 0962 cL 000¢
‘uolledauab siiem 03 payolew peo| SIJEM f{AlUo peo| 3A11s1s3Y
{spuodas) (Mead abel|OA J3l1Jje SH) {S110A) SieA S$S33eM SJeA S3leM SJBeA S33EeM
awi | abel | OA
uo-uny uoiidniasiul 40 awll waisAs waTsSAS 01 38N peo 2dS

s1|nsoy 1sal gel 0Ov1siL dlbuls 1-2°¢ diqel

89

NN INOMN~OO

>
-
<



2l 088¢
hL 088<

9L 000¢
08 000¢

2s onoe
L9 oot

JOj0Ww pue dA11SIsaYy

91 0ho¢
89 000¢

‘uoliledausb 031 psyslew peo| JeA pue IIeBM fpeO| JOIOW PUB BAIISISIY

948 000¢
968 000¢

96 000¢
ot ohoe
08t 0h0¢

of 00e¢
25 00c¢

A ong8e
94 ohge

94 000€
09 000¢
89 096¢
09 ohoe

26 Oheh

9¢ 000¢
8t oho¢

96 0%0¢
h9 {03
08 ohoe

pue BA13sisay

94 onoe
09 ohog

pue aAllsisay

4] oho¢g
94 onoe

pue aAl1lsISay

8h 0h0¢
h9 oho¢
el oho¢e
09 ohoe

pue 8A11s1say

9Ll 000¢

s3ileMm {Ajuo peo}] BAIISISaY

h8 0081t

26 000¢

s313eMm A|u0 peo| 9A11SISaY

89 0cle
09 02L€
h9 089¢

el 0h0¢t
h9 0ho¢
94 ohog

s3jem A|UO peo| dAlIlsiIsaYy

SJBA  SiieM

SJ BA SiieM

189" 6°'G 8 ine 0c- 091
2l9- 6'h h2ehe €i- 09L
‘paduejeq sJdeA fuoileaausb ueyl ssa| %/°9 peo| Si1iem fpeo|
W66 e 8 Lhe 0 ot
866" 191 8" Lhe ZL- 0
LEO" 61 2 ihe 008- 0
heo” h Gl c'Lhe 808~ ot
‘uolledausb ueylr sdow (O peO| JBA fpasue|eq PEO| S11eM {peO| BAI10NpU) pue BAI13IS!ISaY
Lge: 2'hl 2'Lhe 00f- 0ot
Lge” < 'hl ¢ ihic 00t - 0
hhes ' 2 e 00%- 0
‘ucliedauab ueyl aJow O0h peo| JeA {paduejeq peo| S3Ilem {peo| aA13oNnpul
LiL L c'9 hene 91 091L-
029°1L L€ 0o"¢he 8 091L-
‘paduejeq sJeA ‘uoliedsusb ueyl sdow %°9 peo| Silem ‘peoj aAl3onpul
a69° 9°4g 9 ene 0 002
169° 62 9 ehe 0 00¢
‘paduejeq ssea fuollesausb ueyl ssa| %.°9 peo| S3IIEM fpeo| SA13IoNpul
h06° 2’9 hrene 8- ot
666° 0 h ehe h ot
068" £'6 9 012 h 08
096" h Gl 0°¢he 0 0
‘uotiedausb 01 paydlew peo| JBA pue 3IeM fpeO| BA1310NPUI
96¢ " 2’9 0°ohe e onetL-
‘padueleq sdeA ‘uollesaueb ueylr adow Yoh peo|
L€0° 61 h ehe 8 00ct
‘padue|eq sJeA ‘uoiledsusb uey3l ssa| %0 peo|
o 6°6 hene h 089~
a9h° 8°9 8 Lhe h 089-
Loh” L 1L 8" Lhe 8- oh9-
‘padueleq sdeA ‘uoijedausb ueyl adow %02 peoj
{spuodas) (Mead abe3|oA 183je SHY) [ST10A) SJBA S13eM
auy | abel oA
uo-uny uoildnaaaiul 4o awly walsAg wa31sAS 01 38N

peon

S3insay 1sal qel 0dvis3iL @1burg (p,3u0d) |-2°¢ alqe]

adS

Lal

-

1O}

— QN

2¢Ol

— NI

Acv |

X6V

X8V

) A A

90



eLE” 2 'ft 0o°ghe

16¢° a9 ¢l i ehe
‘uoljesousb ueyl aJou Q08 PeEO| JBA

LLE” 9°€l hehe
hies LI A h ehe
‘uolledauab ueyl adouw (QO0h PeO| JBA

G80° 1 6°'h g Lhe
G6L° 0°tlL 8 Lthe
*paosue|eq sJeA fuoiiesausb ueyl

(spuodas) (iead abeljoA J314e SK]) [S3110A)
aul | abea| oA
uo-uny uotlidnuaalju] Jo awl| waisAs

00t 0 26~ oho¢e 8h 0ho¢
26¢ 0 9¢¢- oho¢ 94 oho¢

{pasue|eq peo| si1iem {peo| JO3IOW puE DAI3SISaY

hch- 0 celh (0)1101% 8t ohog
9Lh- 0 2Lh 0oh0o¢g 94 oho¢g

f{pasue|eq peO| SIIBA {pBRO| 403I0W PUB DAIISISAY

9L~ ote- 08 ohee 9 000¢
4% 00¢- 2¢ ohece h9 oho¢

oJ40W %/°9 peo{ Silem {peo| JOIOW Pue BAI3ISISaY

SIEA S3778M SJEA SI11EM SJEA S33EM

walsAg 07 18N peo adS

sS1insay 1say qel 0Ov1s3L atburs (p,3u00) 1-2°¢ a|qe]

91



96¢ " aoh” 0°6 8 1he g2t 00h- 969- 0244 082- 0802 ghe- oho¢
¢of” A% 21 2 ihe 0oL 08h- Oh9- 0096 88c- 0802 262~ oho¢
*paoue|eq SJeA ‘uotjedausb ueyl adou %0L peol S3lem ‘sadwdojsuedi Aq polesedas s5,00VISIL OML
Lh6’ G0e" 1 LoLL i che gel 096 1Hh99- 0961 082- 0802 962~ 0ohot
606" 682°1 8 hl 0°¢he 88 0946 969~ 096h e8c- 0802 082~ oho¢
‘paouejeq SJdeA fuotledausb ueyl ssat 0L peOi Silem ‘syawdogsuedy Aq palesedas s ,00V1ISIL OAL
92eL” ehl” it hi g the 001t 09 g8h9- oh0s 9l¢~- 0802 cle~ ohoe
L6G° 809" 8 "hi 8 Lhe 961 08 HoL- 0h0s h8e- 0802 t92~ 0ho¢e
8L8"’ h6g” 8 hiL g Lhe 092~ 091 242- 0964 h92- 0802 ghe- 0hot
‘uoilesauab 031 psyodlew peO| JEBA pue IJeM (SJBWIOJSUBRI] Aq peaileasedas S,00VISIL OML
2 3dS L# 0dS [1éad abeT|{OA J33j€ SH) dwa_oZ SJBA §77eM SJEA S33eM SJdep S33BR SJBA  S1IEM
abel110A
sawi | uQ-uny voiaddniausaiul JO Buwij waisAs W335AS-03-312N Z# 3dS L# 0dS

s3|nsay 1se]l qel 00w1sS3IL a|gnog 2-2°t dlqet

92



€20°L 9Ll-0he-

680° 1L 9Ll-0he-

her:  2el+002- G6L* 2ef+002-

hig® 09r-09L  L68° o02l-091 189" 02f-091

269" £Gr-091  066° gLr-091 219’ cLf-091

Lhg " oef-0h  919°1L or+0f 66" of+on

6aGlL” 2hf-0  twoL"1t 2ir-o0 866" 2Lr-o

900" 008r-0 LEO" 008r-0

0L0°  g08l-0% #£0°®  go8l-on

oLL’ osel-0 090 ooul-0 162" oonlr-o0

0.0° osel-0  ©Go* oowl-0 whe” 00rI-0

G6¢°L  96I-089- 26h” #hl+089- 699" wl+089- 2o’ #{+089-

169" 96l-089- G09° H9l+089- 0¢l°  hwl+089- 96£°L  hwl+089- Gon” hl+089-

h6L't  89r-oh9- t86°  02l+0h9- 220’ 2ef+0h9- 20L° 8r-o9n- Lon’ glr-on9-

G66° 0Ll-0h9 019" hwal~0h9 126" 91LT+0h9 Ler” 91 +049

640" 0.L7-009 929° or+009 GLL’ ol'+009

9eh” oulr-oh9 120" 86l-o0h9 66L" 28lf+0h9  60L° 2LT+019 GLL"® 21 +089

the L ¢r-002c- 26e L Lf-o002- €611 oLf-002- 9¢0°tL 9Ll-o02- 609°L 9Ll-002-

129t Lf-002- G6¢°1L o0if-002- HwoOSL"t oOf+002- 186°L  0l+002-

00g "1 ¢f-002- geLL Lf-002- 410°L 0LF-002- 066° 9LM-002- Gew'L 9Ll-002-

£69° osl-002 116" 0LT+002 9£9°t  0f+002 oon” or+002

Gh9-" hsl-002 209" 99r+002 9¢€°t  #l-00¢ 28h” wl-002

6£9° z2hl-002 219" g81lf+002 6ot L 8l+002 299 gr+002

996" oslr-o02 Lh9" 0LT+002 696 or+002 799" or+o0z

G901 #1l+0 GLLe thl+0 L1z thl+0

160" 1 #1l+0 LoL” hhl+0 G611 #hl+0

290° 1L 9LT+0 G669 96T+0 68€°1L 967+0

(093] (AT+H) (7985) (AT+R]  T7o3s] (AT+RT T17099]) (AT+M]  T708S]) TAT+M]

auwt | wai1sAS aw!j waisAs awl | walsAS ouw ! | woisAs awl | walsAs

uo-uny 03-10N uo-uny 01-19N uo-uny 01-18N UO~uUnNYy =031-318N uo-uny =-0J-19N
€ 4 L 0 $31S3L getl

sSUOTAB(NWIS J3INduio)

s1|nsay 1sal gel 0OvVIS3IL 21buis o) suolle|nwis J491ndwo)y 4o uwosluedwo) €-2°¢ 8|qel

ALV

93



94

LLE” 96¢°
89¢ " 821 l+00h- qot 821 +00h~ Z
206" eon’
206" 001 (+08%- 2t 00L1+08h- L
LUERN
628" 2h9* 994" Lh6*
628" ghl+09¢ Zh9- 8. 7+09¢ it 8211+094 G0e' 1L 8217+09¢ Z
908" 2LG 606"
908" ghl+09g 2LG” 88l+09¢ 6821 88l+09¢g L
€411
90.L° o¢hr” gen” 9eL”
htl- 04r+0 lew” 00Ll+0 L ooLl+08 ehl” 00Ll+08 €
686" 8¢¢” 08¢ " L6G°
166G 087+0 62¢ " 961 T+0 WA 961 7+08 809" 961 1+08 2
[ERN
(GEER] {AT+M) ISEER) (AT+M]} T(°025) (AT+M] [T (AT+M]
aul | wa1sAs awl | waisAs awt ) walsAg ETIEN walsAsg
uc-uny 031-18N uo=uny 031-18N uo-uny 03-18N UO-uny -01-19N uo-uny -0t-13N
€ 2 i 0 $3Sa] qel

sucize|nuig Jdaindwon

s$3Inssy 3S391 qel OOVISIL @Iqnog o) suotlie|nuwig J48indwo) Jo uoslJiedwo) H-2°¢ a|qel



002

(SHYA) HILVWSIW HVA

097 02t 08 or 0 ob- 08- 02¥- 091- 002-
§ | 1 1 i l i 1 i 0.0

NOILYINWIS ~ — g -9
1§3L @y T \

. g3

0°2

0 1V 0713H HOLVASIW LIVM SV HOLVASIW HVA SNSHIA SdWIL
NO-NNH NOILVINWIS ANV 1S3l 48V 40 NOSIHVJAW0D E-2°E 3HN9Id

(SONDJ3S) 3WIL NO-NNH

95



computer simulations and the original lab tests is due to var measurement

error in the original lab tests.

One test made at Sandia was not plotted in Figure 3.2-3. A run-on time of
3.8 seconds was obtained for a test in which the watt and var mismatch was
near zero. The test was repeated with the same load several times and the
longest run-on time that could be achieved was only 1.6 seconds. Apparently,
for one test the balance between load and generation was extremely good. The

3.8 second run-on was the longest achieved in any of the lab tests.

Summary of Lab Tests

The general trends seen in the lab test results were for the most part the

same trends that were found in the simulations.

1. The lab test run-on times were found to vary with the point on the
current wave that interruption took place. This effect was more
pronounced when the load and generation were closer to being
balanced.

2. The make-up of the load was not a significant factor. The net watt
and var mismatch was the predominate factor in determining run-on
times. This can be seen by comparing cases IA2X, IC2 and IDZ2.
These cases all have 10% less load than generation but with

different types of load. The run-on times are very similar.
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3. The run-on times for the lab tests were more sensitive to mismatches
in vars than to mismatches in watts.

4. When the mismatch between load watts and watts of generation becomes
approximately 40% or larger, the TESLACO will shut down immediately
(approximately two cycles). When the mismatch in load vars to vars
generated is greater than approximately 800 vars (or 20% on the
device's rating), the TESLACO will shut down immediately.

5. The run-on times were not significantly increased by having more

than one TESLACO in the island.

One difference between the lab tests and the simulations was that no unfolder
errors occurred for any of the lab tests. It has already been mentioned in
the discussion of the simulations that unfolder errors were prevented in the
simulations by having more inductance or capacitance in the load. The amount
of vars that the TESLACO produced when connected to the utility in the lab
tests implies that the unit had more internal inductance than is represented
in the computer model. At rated conditions the computer model of the TESLACO
will supply between 300 and 400 vars to the utility. In the lab tests the
unit supplied anywhere from 0 to 100 vars. The implication is that there is
internal inductance in the TESLACO that consumes vars. Part of this occurs
in a circuit that supplies power to a fan. One measurement in the lab
indicated that this fan consumed around 70 vars. This fan was not originally
accounted for in the computer model. When the simulations were rerun to try
to match the lab tests, an internal inductance was added to the computer to
make the var output of the model equal to the var output measured in the

lab. This internal inductance eliminated unfolder errors in most of the

simulations.
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3.3 Gemini Static Power Converter lLaboratory Tests
The purpose of the laboratory experiments was to verify the EMTP computer
model of the Gemini converter and aid in determining the cases that should be

run in the field tests. The results of the lab tests are given in Table 3.3-1.

Comparison of Resistive Only Locad Cases

The simutations and lab tests are in agreement. The Gemini unit shut down in
less than one cycle in all cases. As discussed earlier, the Gemini requires
var support from a net capacitive load to sustain islanding. Figures 3.3-1
and 3.3-2 give a comparison of lab and simulation shutdown for this type of

loading case.

Comparison of Cases with Varying Watt Load Mismatch

The simulation and lab test results are not in exact agreement. Table 3.3-2
compares the original simulations with lab tests for cases with the resistive
load being varied and the reactive load held constant equal to the Gemini's
reactive requirement. One reason for this discrepancy is the method used in
the lab test to determine a balanced case. In the lab tests watt and var
meters were located on the output of the Gemini and the input to the load as
shown in Figure 3.2-1. The case was determined to be "balanced" when the two
watt and var readings were equal. This procedure resulted in loads that were
too large when the island was formed. The reason is due to the harmonics
produced by the Gemini. The transducer on the output of the Gemini was

reading a power level that included the effects of the harmonics. The
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FIGURE 3.3-1 SIMULATION CASE G I.A.1.A,
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transducer on the load was measuring a power level that did not have as much
harmonic content. As a result there was a significant watt and var mismatch at

the utility switch when it was opened.

The results of the islanding tests in the lab varied a great deal between the
continuous and discontinuous current mode cases. Therefore, the two will be
discussed separately. In the continuous current mode, the lab tests indicated
that the Gemini would island indefinitely as predicted by the simulations.

The change in terminal voltage magnitude and frequency when the island reached
a steady-state condition was not the same as predicted by the simulations. The
laboratory balanced case terminal voltage dropped following the opening of the
utility disconnect switch, which indicates that the local watt load was not
matched. A similar result was noted in the simulations but the drop was not as
great. The terminal voltage in the lab experiments also dropped when the
island load was 10% less than generation, which indicates that the error caused
by this measurement method was greater than 10%. Our calculations, based on
the change in terminal voltage, estimate that the island load was actually 15%
larger than a balanced load should have been. The results in Table 3.3-2 Case
G-I.A.1.b for the lab tests indicate a drop in terminal voltage to 93% of the
pre-island value, and the simulations did not demonstrate a change in voltage.
If the drop in voltage of .07 pu is assumed for all of the simulation results
as a constant offset, the change in voltage results match those measured in the
Jab. The simulations indicated that for a “balanced load" case the frequency
in the island should not change much from the 60-Hz pre-island value. The
simulations further indicated that changes in the watt load (watt mismatches)
did not cause the frequency to vary significantly from 60 Hz when islanding.

In the lab test balanced case, the frequency changed to 63.5 Hz, which
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indicates that the vars were not balanced in the lab tests. However, the
frequency for the +10% load cases also changed to 63.5 Hz, which demonstrates
that watt mismatches do not affect frequency significantly. It is very
difficult to balance and maintain a balance of vars in the laboratory. Instead
of rerunning the laboratory tests, a watt and var transducer was modeled with
EMTP. The EMTP watt meter was also tricked by the harmonics, thus demonstrating

the problems experienced in the lab.

The laboratory tests for the discontinuous current mode show the same difficulty
in determining a balanced case. The resolution of these discrepancies between
lab test and simulations is the same as described for the continuous current
mode cases. However, the discontinuous current mode cases gave an unexpected
result. The Gemini shut down after a run-on time much 1ike the TESLACO's. The
reason for this appears to be due to the saturation characteristics of the
350/240V step-down transformer and a presumed mismatch of impedances in the
Gemini's SCRs. When the Gemini is connected to the utility system, the utility
source forces the terminal voltage to be symmetrical 60 Hz. When the island is
formed, this is no longer true and the Gemini's output voltage contains a dc
offset that is most pronounced in the discontinuous mode of operation. The
output current is offset and this causes the transformer to become further and
further saturated during one half-cycle of the voltage, while operating in the
linear region on the other half-cycle. The source of the dc offset is not
known. One possibility is an unbalance in the SCR impedances of the Gemini.

In our revised simulations we modeled both the unbalanced SCR impedances that
could produce the initial dc offset and the saturation characteristic for the
step-down transformer. Figures 3.3-3 and 3.3-4 are a comparison between a

discontinuous current mode lab test that shut down and an EMTP simulation.
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FIGURE 3.3-3 SIMULATION G_I.A.2.b
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The EMTP simulation shut down in a similar manner with a longer run-on time.

The run-on time is dependent on whatever is producing the dc offset and the
transformer saturation characteristic, which would vary from unit to unit.
Therefore, we did not expend any more effort to exactly match the lab result.
Although the Tab tests imply that the Gemini must be in the continuous current
mode of operation for indefinite runon to occur, the result may not apply to
all Geminis. It is speculated that some Gemini units would not produce enough

dc offset to cause a shutdown.

Comparison of Varying Var Load Mismatch Cases

A comparison between lab tests and simulations of balanced local watt load with
variations in the local var load is given in Table 3.3-3. The simulations
predicted that the var mismatches would cause changes in frequency from 60 Hz
after islanding. The simulations also indicated that the}termina] voltage
magnitude would not change significantly after the island was allowed to reach
steady state. However, a transient voltage change occurred when the island was
created. If the vars available from the local load are a great deal less than
the Gemini's var requirement, the transient voltage dip may be enough to cause
the low voltage control circuitry to trip the unit. This occurred in our 50%
less vars case in the simulations and lab test. A series of lab tests was run
which indicated that local loads providing more than approximately 50% to 75%
of the var requirement resulted in indefinite run-on for the continuous current
mode cases. The simulations indicated these same trends. If "balanced load"
error corrections to the steady-state values are assumed similar to those for

the watt mismatch cases, the simulation and lab results are in agreement.
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Conclusions from Gemini Laboratory Tests

The following conclusions were made when reviewing the lab results and

comparing them to the computer simulations.

1. When operating in continuous current mode the tab results and simulations

match very well.

2. When operating in discontinuous current mode in the lab the Gemini shut
down after a short run-on time. This did not agree with initial
simulations. The shutdown was the result of saturating the 350/240V
step-down transformer. The computer model was revised and gave a similar

shutdown.

3. The watt and var mismatch at the island boundary was calculated as the
difference between Gemini output and load consumption. This method did

not work well due to the harmonics being produced by the Gemini.

The technique used to determine a balanced case needs to be improved for the
field tests. The field tests are expected to confirm that there are
load/generation combinations in which the Gemini will island indefinitely,
that local var support of 50% or less will cause the unit to shut down
immediately, and that a real-world island can be sustained as the solar

insolation and typical residential loads are varied.
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3.4 Combinations of TESLACO and Gemini Static Power Converter

Laboratory Tests

A limited number of lab tests were run using both a TESLACO and a Gemini
static power converter. A summary of these tests is given in Table 3.4-1.
These tests were chosen to be similar to the single TESLACO and single Gemini
tests that were performed. The first test (G-T-IAl) had resistive load
matched to generation but had no capacitive load to supply the var
requirement of the Gemini. In the single Gemini simulations and tests, the
Gemini shut down immediately if the load did not supply any vars. Also in
the single TESLACO simulations and tests, the TESLACO shut down immediately
whenever the mismatch between vars generated and var load exceeded 800 vars.
Therefore, in the first combination test both units shut down immediately as

expected.

The remainder of the tests had relatively small mismatches between watts and
vars generated and watts and vars of the load. These tests ran on for short
periods of time until the TESLACO reached 6° of phase error and shut down.
After it shut down the watts load in the island was more than twice what the
Gemini could supply. Therefore, the voltage dropped appreciably and the
Gemini's low voltage sensing circuits shut it down approximately one cycle
after the TESLACO did. Thus, the TESLACO controlled the duration of the
island. Because of this, the comments made in Section 2.2 concerning the
effect of watt and var mismatch on the run-on time of the TESLACO appear to
hold true for islands with both a TESLACO and a Gemini. The amount of watts
mismatch in the island determines what the voltage change will be when the

island is formed. As described in Section 2.2, this voltage change produces
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a phase error in the phase~locked loop of the TESLACO. The voltage change
will modify the var requirement of the Gemini and thereby contribute to the
var mismatch in the island. The var mismatch produces a phase shift in the
terminal voltage of the TESLACO, which is also seen as a phase error in the
phase-locked loop. These two errors can reinforce each other and result in a
relatively short run-on time or they can cancel each other and result in a
relatively long run-on time. If the results of tests G-T-IA2 through G-T-IA6
are compared to the corresponding single TESLACO tests (Table 3.2~1, tests
IA1X thraugh IA3X and IC6), the run-on times are not very different,
considering the fact that the watt and var mismatches are only approximately

the same for the corresponding tests.

Test G-T-IB1 included a 1-Hp motor as part of the load. For this test the
watt and var mismatch in the island was supposed to be approximately zero.
The measured mismatch was -200 watts and -24 vars. The island persisted for
1.9 seconds. Apparently the watt and var mismatches produced phase errors in
the TESLACO phase~locked loop that tended to cancel and therefore produced a

relatively long run-on time.

Simulations corresponding to the lab tests were run for only one of the
combination TESLACO and Gemini tests. That was the test G-T-IA2, which had
watt and var load matched to watt and var generation. The run-on times
obtained in the simulation were 1.028 seconds for the TESLACO and 1.039

seconds for the Gemini. This compares very well with the lab test results.
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IV. FIELD EXPERIMENTS

The objective of the field experiments was to determine whether the islanding
windows determined by simulations and lab tests were physically possible in a
field environment wherein a photovoltaic array and normal house loads were

used for the SPC testing.

4.1 Description of the Field Test Set-Up

Shenandoah Tests - To validate whether the results obtained in the laboratory
experiments actually represent a real-world condition, the data acquisition
system and test board were moved to the Solar Research Center at Shenandoah

for single self-commutated SPC and single Tine-commutated SPC tests.

The tests were performed by using the two-axis tracking photovoltaic array
which consists of 64 single-crystal photovoltaic modules. The photovoltaic
array produces 4 kW at peak operating conditions. The modules were

manufactured by Solec International Inc.

TVA Tests - The main field tests were performed at the TVA Energy Research
Test Facility in Chattanooga, which includes four 4-kW photovoltaic arrays
mounted on the roofs of four houses. The photovoltaic arrays are fixed
flate-plate arrays and all of them are grid-interconnected by means of
self-commutated SPCs. ATl of the houses are served from a single

distribution transformer. The available array power is utilized to meet the




local loads of the residence on which the array is mounted. The local loads

consist of HVAC, lighting, ranges, and attic fans.

The field tests were divided into two stages. Stage I tests were single-unit
TESLACO, Gemini, and APCC SPCs, and Stage II tests were multiple-unit tests
using four houses with different mixes of TESLACO and Gemini SPCs. Since the
solar test facility at TVA had no means of disconnecting the houses from the
utility supply other than the disconnect switch in each house, a test
distribution system was created. This distribution system was a 480-volt bus
fed with the same 25~KVA transformer used in the test system of the

laboratory experiments.

4.1.1 Construction of the Field Test Set-Up

The test set up for the Shenandoah tests was the same as the set-up for the
laboratory experiments. The connections for the single-unit tests conducted
in Solar House #2 at Chattanooga are shown in the diagram of Figure 4.1-1
(Stage I). The distribution system and hook-up for the remaining experiments
at TVA are shown in Figure 4.1-2 (Stage II).

4.1.2 Test Procedures

The calibration procedures, test procedures, and documentation practices were

identical to those used in the laboratory experiments.
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4.2 TESLACO Static Power Converter Field Tests

Several islanding field tests were performed with a TESLACO static power
converter at Shenandoah and at Chattanooga. The types of tests performed were
similar to those already made in the lab and similar to the computer
simulations. The major difference between these field tests and the lab tests
was that actual PV arrays were used in the field tests to supply dc input power

to the SPC.

Table 4.2-1 gives the results of the single-unit field tests made at
Shenandoah. These were resistive load only tests with only three basic types
of tests: watts load matched to watts generated, watts load 10% less than
watts generated, and watts load 10% more than watts generated. The load used
for these tests was the same variable resistor that had previously been used in
the lab tests. As was true in the lab tests, watts and vars were measured 1in
two locations -- out of the TESLACO and into the load. For the same reasons
given in Section 3.2, it was felt that the calculated vars flowing from the
island to the system could have been in error by as much as 80-90 vars. More
computer simulations were made to try to match the field test results. In
these simulations the var output from the island to the system was treated as a
variable. Also, the simulations were made with the switch opening to create
the island at the same point on the current wave as the lab tests dia. Table
4.1-2 gives the results of these simulations. From this table it can be seen
that the simulated run-on times were very close to the field test run-on times
when the calculated vars out to the system were varied by as much as 70 to 80

vars. The longest run-on time obtained for this series of tests was 1.2

seconds.
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Several single TESLACO islanding field tests were also made at Chattanooga.
These tests were resistive load only tests of the same three types as were
done at Shenandoah: watts load matched to watts generated, watts load 10%
less than watts generated and watts load 10% more than watts generated. The
results of these tests are given in Table 4.2-3. Computer simulations were
made to try to match these tests by varying the vars flowing from the island
to the system. The results of these simulations are shown in Table 4.2-4. A
good match of the field tests was obtained. The longest run-on time measured

in these tests at Chattanooga was 1.0 second.

Also at Chattanooga several single TESLACO tests were made using the loads
avajilable in the PV houses where the tests were being made. The loads
primarily used were resistive type such as incandescent lights, electric
resistance heaters, and an electric range. One test was made with a window
unit air conditioner (resistive and inductive type load). 1In all of these
tests the total load within the island was balanced to the total generation
by adding lab type resistance and capacitance to the loads in the PV house.
The results of the tests are given in Table 4.2-3. 1In general these tests
had shorter run-on times than the tests that utilized only lab type loads.
The "real" loads tended to be more variable than the lab type loads, thereby

making it harder to maintain a good match between load and generation.
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4.3 Gemini Static Power Converter Field Tests

The purpose of the field tests was to verify the work done in the lab tests
and simulations when the Gemini was operating with an actual PV array. The
Gemini field tests were run in two locations. The first tests were at
Georgia Power Company's Solar Research Center in Shenandocah, Georgia, where
the Gemini was tested using the laboratory resistor boxes for loads. The
second tests were at TVA's Energy Research Test Facility in Chattanooga,
Tennessee, where the loads were normal home appliances and lighting. The
results are given in Table 4.3-1. An effort was made to obtain a better
"matched" case (for comparison with simulations) than had been achieved in
the laboratory by trying to zero out the current transfer to the utility at
the time the utility switch opened. This was done in two ways. First, a
Dranetz 3105 power system analyzer was connected at the island/utility system
interface and the load was adjusted to try to reduce the 60-Hz mismatch watts
and vars to zero. There was also an oscilloscope connected to view the
output current wave form to the system. The load was varied in an attempt to
reduce the overall current magnitude including harmonics. The results in
Table 4.3-1 indicate that these efforts were an improvement. In case
G-I.A.1.b the voltage magnitude did not change and the frequency change was

less than half of that seen in the 1lab.
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Comparison of Field Tests and Lab Tests

The Gemini behaved in a similar manner in the field and lab tests. As
explained earlier it is difficult to achieve an exact balanced condition with
the Gemini SPC due to the harmonic current it produces. This was further
complicated by the changing insolation conditions. The saturation of the
step~down transformer was not as evident in the field tests. In the field
tests the Gemini's reference voltage was set lower than it had been set in
the lab due to a limited amount of power available from the PV array. This
meant a good deal more dc current would need to be injected into the

transformer before it began to saturate.
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Conclusions from Gemini Field Tests

The important results of the lab tests, which were confirmed in the field,
are that the Gemini when operating in continuous current mode will run on
indefinitely under certain load/generation conditions. Specifically, the
tests show that the Gemini runs on if the watt load is equal to or less than
generation and the local capacitive load can supply at least 60% of the vars
that were required by the Gemini before the island was formed. Based on our
knowledge of the Gemini control system the unit should also run on for loads
greater than generation as long as the peak ac terminal voltage does not drop
below 80% of its nominal value. A test was run to confirm this operation. A
stable Gemini island was formed with the watt and var load approximately
equal to the Gemini's watt output and var consumption. The Gemini was
allowed to operate for several minutes. After this interval the watt and var
loads were probably no Tonger matched to the generation. The load was then
increased in 60-W 1ight bulb increments and the Gemini shut down following
the addition of the third bulb. Data were not being recorded during this
part of the test, so no quantitative conclusions can be drawn. However, the
test suggested that the Gemini can island when the load is initially greater

than generation.
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4.4 Combinations of TESLACO and Gemini Static

Power Converter Field Tests

Several field tests were made involving combinations of TESLACO and Gemini
static power converters at Chattanooga. Most of the tests involved only one
TESLACO and one Gemini; however, one test included two TESLACOs and one
Gemini and another test included two Geminis and one TESLACO. A summary of

these tests is given in Table 4.4-1.

As indicated in Section 4.1 there are four houses with a PV array mounted on
the roof at TVA's Energy Research Test Facility in Chattanooga. For these
field tests TESLACO static power converters were located in houses 1 and 2
and Gemini static power converters were located in houses 3 and 4. All of
the field tests were made with load and generation matched within the
island. The loads used in these tests were mainly those located in the
houses (incandescent lights, ranges, heaters), but some lab-type loads
(variable resistor and capacitors) were used to balance load to generation
more accurately. Tests 1Al and 1A2 had the load at each house matched to the
generation available at that house. Tests 1Bl and 1B2 had the load and
generation at each house unbalanced, but had the load and generation within
the island as a whole balanced. The run-on times for these four tests were

very similar. They fell within the range of .86 seconds to 1.1 seconds.
As was true in the lab tests the TESLACO controlled the duration of the

island. When it reached a 6° phase error and shut down, the Gemini was left

connected to a load which was a Tittle more than twice the power that it was
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delivering. The voltage in the island therefore dropped and the Gemini shut
down approximately one cycle after the TESLACO. A1l four of these tests had
primarily resistive Toads within the istand. Tests 1C1 and 1C2 were similar
to tests 1Bl and 1B2 except that some motor loads (attic fans) were included
in the island. These tests ran on slightly longer than the resistive load

tests. This could have been caused by having a different mismatch between

load and generation because this mismatch could not be accurately controlied

for these tests.

Test 4A was designed to have the load within the island (both real and
reactive) matched to the output of the Gemini. The purpose was to see if the
Gemini would continue to run on after the TESLACO shut down. This is exactly
what happened. The initial load to total generation mismatch was so large

that the TESLACO shut down in one cycle. The Gemini then ran on indefinitely.

Test 5A had two TESLACOs and one Gemini within an island with total load
matched to total generation. Test 6A had two Geminis and one TESLACO within
an island with total Toad matched to total generation. For both of these
tests a TESLACO determined the duration of the island. When it shut down the
load to generation mismatch became so large that the other static power

converters shut within two cycles.
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V. Analysis of Results and Recommendations

The results obtained in the computer simulations and verified by lab and
field tests can be used to assess the problems of islanding that a utility
may have to face. There are several ways that potential islands may be
formed. A breaker may be opened at a substation, which would isolate an
entire distribution feeder network. A breaker may be opened out on a feeder,
which would isolate a smaller section of distribution feeder. A disconnect
switch or fuse may be opened, which would isolate a yet smaller section of
feeder with anywhere from one to dozens of customers connected. A fourth way
to form an island would be to open a fuse or disconnect switch on the primary
side of a transformer serving one to four customers. The results of this
research project are applicable to all four of these scenarios for forming an
island. However, from a practical standpoint scenarios three and four would
be of the most concern. For an island to form (not shut down immediately)
there must be a reasonable balance between Toad and PV generation within the
jsland. This implies that for scenarios one and two there is a very high
penetration level of PV on a distribution feeder. This is not likely to
happen in the near future. What is most likely to happen in the near future
is a significant penetration on a localized basis. Therefore, the practical

concern now would be for a small island.

If a breaker or fuse is opened to isolate a section of the distribution
system because of a fault, and PV systems are connected to the faulted phase,
the PV systems will be shut down by low voltage sensing circuits. If the PV

system is connected to an unfaulted phase, the potential for islanding may
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exist. Depending on the utility system conditions, the voltage on an
unfaulted phase during a phase-to-ground fault can be higher than normal and
may cause an immediate shutdown. Another method of creating a potential
island would be for a breaker to open because of misoperation or a fuse to
open because of aging. These would not be very likely occurrences. Probably
the most common way for a potential island to be formed would be for a
utility Tineman to open the breaker switch or fuse in preparation for some
kind of maintenance or construction activity. This would also be the case of

maximum concern for personnel safety.

5.1 TESLACO Static Power Converter

The potential for having an indefinitely long islanding condition for a
properly functioning TESLACO is nil. The device is designed to be unstable
for the loss of utility condition and to shut itself down. All simulations,
lab tests, and field tests support the fact that a properly functioning
TESLACO will not island indefinitely. One of the TESLACOs tested in the Tlab
was not functioning properly. One of the capacitors in the phase-locked loop
had a capacitance at the boundary of its allowable range (-20% to +20%).

This enabled the TESLACO to run on indefinitely in an island with a load that
was matched fairly well to generation. When the circuit board with the
phase-locked loop on it was replaced in the lab, the TESLACO behaved as the
other TESLACOs did - no indefinite runon no matter how closely the load was
matched to the generation. This experience suggests the need for
manufacturers of static power converters to test the units for islanding as

part of their factory testing.
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Although the TESLACO will not island indefinitely, it can run on for a few
seconds under certain conditions. The boundary conditions for run-on have
been defined by the computer simulations made for this project in terms of
watt and var mismatch between load and generation within the island. If the
watt mismatch within a potential isiand is greater than 40% of the amount of
PV generation, the TESLACOs will shut down within about two cycles. Ancther
way of stating this is that if the amount of PV generation (with TESLACO
static power converters) is not within 70% to 170% of the amount of load
within the potential island, then the PV generation will be shut down within
about two cycles. If the PV generation is within these boundaries, then the
run-on time can be anywhere from a few cycles to a few seconds (less than

four).

If the var mismatch within a potential island is greater than approximately
800 vars per TESLACO within the island, then the units will shut down in
approximately two cycles. Since a TESLACO can supply as much as 100 vars to
the system (for some operating conditions), this means that if the net var
load within a potential island is greater than 900 times the number of TESLACO
static power converters within the island, the units will shut down within
about two cycles. If the net var load is less than this amount, the units may
have run-on times that can range from a few cycles to a few seconds (less than

four).

There are several factors that will affect where the run-on times will fall
within this range. Smaller watt and var mismatches will tend to increase
run-on time. Loads that are composed of a number of motors with a great deal

of inertia will tend to produce longer run-on times. However, even if several
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of these factors combine unfavorably to produce a long run-on time, this time
will not exceed a few seconds. From a practical standpoint, the run-on time
will be in the lower end of this range. Although one lab test had a 3.8
second run-on time, the longest run-on time that could be consistently
achieved in the lab was around 1.6 seconds. It occurred when the load was
intentionally matched to generation as closely as possible. This kind of
balance between load and generation is just not likely to happen out on a
utility system. Therefore, for the vast majority of potential islanding

situations on a utility system, the run-on times will be less than 1.5 seconds.

From a safety standpoint, run-on times of a few seconds will not be a
concern. If the island is initiated by a 1ineman opening a switch in
preparation for performing maintenance, then the lineman need only wait a few
seconds (approximately 10 seconds to be on the conservative side) before

coming in contact with the circuit.

The other concern for islanding has been for the transients that may be
produced upon reclosure of a feeder still energized by PV generation.

Because reclosing times for distribution feeders can be on the order of 12 to
30 cycles, TESLACO static power converters could keep a circuit energized for
some load conditions long enough for reclosure to take place. However, as
pointed out earlier, the TESLACO's control circuitry shuts the unit down when
its internal reference wave is out of phase with its terminal voltage by 6°.
This means that if an island is sustained long enough for reclosure to occur,
it will not be very far out of phase with the system. Therefore, the

transients produced by reclosing will be of no concern.
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5.2 Gemini Static Power Converter

The potential for having a sustained islanding condition for the Gemini
converter is greater than that for the TESLACO. There are two requirements
the local load must meet to produce a sustained island. The most critical
element of the local load is capacitance. The local load must be able to
supply at least 60% of the Gemini's pre-island reactive power requirement. If
the load cannot supply any reactive power, the unit will shut down in one
cycle due to a commutation fajlure. If the local load supplies less than 60%
of the before-island reactive power the unit shuts down within three cycles
due to a transient low-voltage condition. The second restriction is that the
local load must not be greater than 130% of the PV generation in the island.
Local Toads greater than 130% will cause the unit to shut down in less than
five cycles due to a low voltage condition. If these two conditions are

satisfied the unit can run on indefinitely.

A11 of our original simulations ran on indefinitely regardless of the mode of
current operation (continuous or discontinuous). For the lab and field tests
in which the unit was in continuous mode of operation and satisfied the load
restrictions given above, the unit ran on indefinitely. Small changes in
insolation and loading did not affect the indefinite run on. In the lab and
field tests the unit shut down in Tess than 15 cycles for all cases when
operating in discontinuous mode. The shutdown was the result of a low-voltage
condition that appears to be due to saturation of the output transformer
caused by a dc offset in the output voltage. Several simulations were
performed that indicated the time to shut down is dependent on two parameters

unique to each individual unit: the amount of dc offset and the 350/240-V

137




step down transformer saturation characteristics. In the ideal case in which
there is no dc offset, simulations predict that the discontinuous mode cases
would result in long (at least several minutes) if not indefinite run-on

times.

The Toad restrictions that result in indefinite run-on situations are
realistic. Line-commutated converters have a fairly low power factor (around
.5-.8). Most utilities will either install power-factor correcting
capacitors on the distribution feeder or require the customers to install
power-factor correcting capacitors that will satisfy their capacitive Toad
requirement. Georgia Power Company has a requirement for cogenerators that
the combined power factor for generation and load be .85 or greater.
Therefore, it is realistic to consider capacitance within a potential

island. In the field test with realistic house Toads, it was not difficult

to produce indefinite runon with the Gemini.

The window of loads that could result in islanding would be greatly reduced
with the addition of two types of protective relaying circuits which are
offered by the manufacturer but were not purchased for the units tested. The
voltage magnitude was being checked for low voltage. If a high-voltage
situation (greater than 10%) were also checked, it would provide shutdown for
cases in which: the PV generation were large in comparison to the load; the
local capacitance were large in comparison to the Gemini var requirement; and
the unit were on an unfaulted phase during a single-phase fault on another
phase of the feeder. The second check that should be made is frequency of

the ac terminal voltage. The frequency of the island voltage will deviate
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from 60 Hz based on the var mismatch when the island is formed. Over/under
frequency relays are normally set to detect frequency variation of less than
1 Hz. Our simulations indicate that deviations of 1 Hz are achieved if the
var mismatch is greater than + 3% of the island var load. The use of a
frequency relay would greatly reduce the probability of real-world islanding.
It was difficult to control the var flow in the lab to obtain the + 3% var
mismatch. With the addition of these two features, the window of
load/generation combinations that result in indefinite run-on conditions
would be reduced to a near exact match of reactive power and + 25% of real

power.

From a safety standpoint, even with the additional protection described
above, it would be theoretically possible for the unit to continue operating
indefinitely in an island. Therefore, extreme caution should be used before

making contact with the circuit.

The other concern for islanding is the transients, which might be produced
following reclosure of a feeder that has remained energized by PV

generation. Reclosing times for distribution feeders can be on the order of
12 to 30 cycles. Without the addition of over/under frequency relays the
possibility of reclosing when the utility system and istand voltages are very
much out of phase is possible and might result in significant transiants. If
over/under frequency relays are used, the likelihood of reclosing out of
phase is reduced, but may still exist for shorter reclosure times. It is
common for the over/under frequency relays to be set so that the frequency
must be out of range for 12 cycles before tripping the unit off. Therefore,

the issue of reclosing may deserve some future consideration.
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5.3 Combinations of TESLACO and Gemini Static Power Converters

The possibility exists for having a sustained islanding condition when both
TESLACOs and Geminis are in the island. The TESLACOs will not run on
indefinitely. Their behavior in an island with Geminis is very similar to
their behavior in an island with only other TESLACOs. With their run-on times
depending primarily on the load and generation mismatch within the island, the
TESLACOs will always shut down. When they shut down, the resulting
load-to-generation mismatch will determine what happens to the Geminis. At
this point the behavior of the island becomes the same as has been described
in Section 5.2 for only Geminis in an island. If the load vars can supply 60%
or more of the reactive power requirement of the Geminis and the load watts
are less than 130% of the power produced by the Geminis, then the island will
be sustained indefinitely. Therefore, if a utility is concerned about the
possibility of a sustained island that contains both TESLACOs and Geminis, the
load and generation mismatches need to be checked in terms of the Geminis
without regard to the TESLACOs. No evidence was found in simulations, lab
tests, or field tests indicating that having a Gemini in an island with a
TESLACO will make the TESLACO run on longer than it would without the Gemini.
Also no evidence was found to indicate that having a TESLACO in an island with
a Gemini would produce significantly different run-on times from those with

only a Gemini.

The possibility of having a sustained island when both TESLACOs and Geminis
are in the island can be greatly reduced by using over/under frequency relays
and overvoltage relays with the Geminis. With these additions the boundary
conditions for a sustained island would be reduced to those described in
Section 5.2 for Gemini-only islands.
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A. APPENDIX A - PHOTOVOLTAIC ARRAY MODEL

The smallest unit of a photovoltaic array is the solar cell. Its output
current-voltage characteristics depend on the operating temperature and the
amount of solar insolation. The circuit shown in Figure A-1 was used to
model a single solar cell. The current source and the diode in the model
represent the photocurrent and the solar pn junction characteristics,
respectively. Series and shunt resistances, which are sometimes shown in
solar cell models, were assumed negligible and are not inciuded in the
model. Furthermore, the solar-cell series inductance and shunt capacitance
were neglected since they produce PV array transient time constants that are

extremely small when compared to the predicted system time constants.

The equations modeling a single solar cell in terms of cell voltage (VSC)
and the cell current (ISC) are shown below [11,13].
ISC = IL - Io{exp[quc/(AKT)] - 13}, (A-1)
3
I,=1,.(T/Tp) exp{[Eg/(BK)][T-TR]/[TTR]}; and (A-2)
IL = [ISCR + Kl(TC - 28.)]PI/100, (A-3)

A-1



where

ISC = Solar cell current [A]
VSC = Solar cell voltage [V]
IL = Light generated current [A]

I, = Saturation current [A]

T = Solar-cell temperature [°K]
T~ = Solar-cell temperature [°C]
K/q = 8.62x107° eV/°K

P, = Solar radiation [mW/cmz]

1
ISCR = Short-circuit current at 28°C and 100mW/cm2
=252 A
Eg = Band gap for silicon = 1.11 eV
TR = Reference temperature = 301.18°K
Ior = Saturation current at TR = 19.963x10_6 A

A = B = Ideality factor = 1.92

K, = Short circuit current temperature coefficient

0.0017 A/°K.

For a fixed temperature, the saturation current I0 is constant. Assuming T

R
I =1 =19.9693x10°° A;
q = 1 = 20.06.
AKT  (8.62x107°)(301.18)(1.92)
Thus,
I = I, - 19.9693x10 °[exp(20.06Vge) -11; (A-4)
I, = 2.52p/100. (A-5)

A-2
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For PI = 100 mW/cmZ, the voltage and current are 0.469 volts and 2.277
amperes at a maximum power of 1.068 watts. The corresponding short-circuit
current is 2.52 amperes and the open circuit voltage is 0.585 volts. In
order for the array to produce 4 kW at 200 Vdc and PI = 100 mW/cmZ, the

array must be composed of Np number of parallel strings, where
Np = 4000/200/2.277 = 8.78
and Ns number of series solar cells, where
NS = 200/0.469 = 426.4
for a total of 3744 solar cells. The fact that Ns and Np are not
integers is of little consequence for the analytical studies. The

photovoltaic array current-voltage characteristics may be approximated by

aggregating the previous cell characteristics (Figure A-2). From Equation

(A-1),

Ipva = Nplsc

= Np([IL - Io{exp[qVPVA/NS/(AKT)] - 1}), (A-6)
where

IPVA = Photovoltaic Array current [A], and

<l
]

PVA = Photovoltaic Array voltage [V].

A-4



Therefore at T = TR’ NS = 426.4, Np = 8.78,
-4 _
IPVA = 22'12PI/100 - 1.753x10 [exp(VSC/21.26) -1]. (A-7)

It can easily be verified that at PI = 100 mW/cmz, the peak power voltage
and current are 200 volts and 20 amperes, respectively. The open circuit

array voltage is 249.5 volts.

When performing validation tests, the actual array current-voltage

characteristics can be obtained by the method described in Carroll et al.

[5].



*Ae11y OTejloaojoyd ® 103 TIpOW JuaTeArnby ‘*z-v 2andrg

d
To1TeaRd UT S3uriis N
L 2 e il
1
M 1 A 1
oy + 4
1
1
1
i 1
i 1
" lsataes ut
i 1s{1eo S
i | N
- ' _ .
VAd
A : JS * a8
IS 1 1
+ 4 I %
" "
H 1 Ju
i ' :
4
1
1
o |
o5, Aor KO
‘I‘ - G e En N S - G AR




B. APPENDIX B - TESLACO STATIC POWER CONVERTER MODEL

B.1. Description of the Model

The static power converter (SPC) is a single-phase, 240-V, 4-kW residential
unit manufactured by the TESLACO company [24,25]. Tﬁe operating principle is
based on the high-frequency link approach in which the PV array voltage is
pulse-width modulated and converted to high~frequency ac. The modulation on
the voltage is such that after passing through a high-frequency transformer
and full-wave diode rectifier, the waveform is a full-wave rectified sinewave
at 2*60=120 Hz. The unfolder then inverts every other half cycle to form a
full sine-wave voltage at the output terminals of the SPC [19]. Figure B.1-1
shows the power stage and control block diagram of the SPC and the expected
waveforms at the critical points of the system. To simulate the operational
performance of the SPC, the equivalent circuit shown in Figure B.1-2 was
utilized. The analytical equations were developed for each section of the
equivalent circuit and put into a form that could be implemented on the
Electromagnetic Transients Program (EMTP). The model and the parameters for
the model were supplied by Paul Krause and Associates. The parameters were
based primarily on data obtained from the manufacturer. The detailed
description of the model and the corresponding equations are provided in this

section of Appendix B.
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Buck Stage

The operation of the push-pull buck stage, including the high-frequency
transformer and rectifier, is represented by a gain only. An equivalent
block diagram of the buck stage, along with pertinent parameters is provided

below (Figure B.1-3).

Vp = G(Iref - 0.031*1b)
=V * leib/dt + Rlib; (B.1-1)
dib/dt = (vb " Vep T Rlib)/Ll, (B.1-2)
where
G = 390
R1 = 0.02 ohms
L1 = 600 uH.

Unfolder Stage

Figure B.1-2 shows the circuit diagram of the unfolder stage where L is a
logic signal determined By a voltage zero crossing detector described later.
In essence, L is high whenever Vae > 0 and low when Vac < 0. The

action of the unfolder may be described by the following equations:

B-4
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When L (B.1-3)
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An equivalent block diagram of the unfolder is provided in Figure B.1-4. The

corresponding element values are shown below:

C1 = 4.7 uF R2 = 30 ohms
C2 = 2.2 uF R3 = 0.0075 ohms
C, = 1.0 uF L, = 200 mH

Control System

A functional equivalent model of the control system is presented in Figure
B.1-5. Note that this diagram does not include the ac overcurrent and dc
under/over voltage controls, which are not likely to be active during normal
operation. During the experimental tests, the operating points were selected
so that the operation was within the rating of the inverter which represents

the common operating mode.

Line-Locking Phase-Locked Loop

A block diagram of the line-locking phase~locked loop (PLL) is depicted in
Figure B.1-6.
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Line Filter

The line filter transfer function is

H(s) = 200. x _ 16119. x s (B.1-5)
(s+5) (s+16119.) (s + 4.26)
Note that /H(j377) = -90° (output lags input by 90°), and the magnitude of

H(jw) is irrelevant since the output feeds a zero crossing detector.
Phase Comparator

The output of the phase comparator, Io’ is equal to +0.227 mA (-0.227 mA)
during the period of time when the reference pulse, R, leads (lags) the
pulse, V, and is zero otherwise. During steady-state operation at 60 Hz, R
and V are in phase so that I0 is zero. An illustrative example follows

(Figure B.1-7).

Loop Filter

The Toop filter transfer function is

v (s) = 1.47x10° + 33x10

Io(s) S (.00726S + 1)

5 (B.1-6)

B-10



Voltage-Controlled Clock (VCC)

If Vy = 0 volts, the VCC produces a pulse train at 15.36 kHz (60Hzx256). A
non-zero Vy will produce a frequency deviation of delta f = 920 Hz x Vy
volts, which represents an increase (decrease) if Vy is positive
(negative). The action of the PLL is easily explained. If R leads V, the
output of the phase comparator, Io’ becomes positive causing Vy to
increase. This increases the frequency of the VCC, which causes the pulse,

V, to occur earlier, as desired. The opposite situation occurs if R lags V.
Counter and Time Delay

The counter is an eight-bit (0-to-255) counter whose output increments by 1
at each input clock pulse. It is convenient to define a VCC angle as the

angular equivalent of the counter output, i.e.,

QVCC(t) = count x 360°. (B.1-7)
256

In reality, QVCC(t) changes at discrete increments of 360°/256 = 1.4°;
however, this is small enough that QVCC(t) can be considered a continuous
variable for modeling purposes. In any case, the output of the counter
defines the sine-wave reference, SWR, (stored in digital read only memory).

In particular,

SWR(t) = sin[QVCC(t)] . (B.1-8)

B-11
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A second output is provided that is equal to a logic "1" whenever 90° <

QVCC (t) < 270°. This output is fed into a 16.667 mS time delay whose

output at a given time, t, is equal to its input at t-16.667 mS. During
steady-state operation at 60 Hz, this time delay is transparent since the
phase shift between input and output is precisely one cycle. However, during
isolated operation, when the system frequency may deviate from 60 Hz, the
time delay is no longer transparent, with a frequency dependent phase shift
occuring between the input and output. This phase shift is important since

it serves to "destabilize" the system during isolated operation.

Zero Crossing Logic (ZCL)

A block diagram of the zero crossing logic used to control the unfolder is
depicted in Figure B.1-8. A1l flip-flops (FF) are assumed to be edge
triggerred. That is, the output changes state only on positive (0 to logic
1) transitions of the S and R inputs. By design, the positive transitions of

S and R do not occur simuitaneously.

As Vac 90es from negative to positive, the output of comparator 1 changes

from 0 to 1, setting FF The output of FFl’ in turn, sets L (FF3) to

1
1. FF1 is reset when Vac falls below -4V thus preventing L from

"bouncing" near the voltage zero crossings due to noise or harmonics. As
Voo 9goes from a positive to negative value, the output of comparator 3 goes

high setting FF2 which, in turn, resets FF3 causing L to go to zero. FF2

is reset when Vac exceeds +4V.

B-13
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DC System

A circuit diagram of the dc system is shown in Figure B.1-9. Figure B.1-10

j1lustrates the corresponding simulation block diagram.

Peak Power Tracker (PPT)

Figure B.1-11 shows a block diagram of the peak power tracker, where, iPVA’
VbVA represent the ripple components of IPVA’ VPVA’ respectively. The

high pass filters used to extract the ripple components have the transfer

function
HP(s) = 52 X S
52+200$+40000 s+5
= o3 . (B.1-9)
$3+20552+410005+20000

A shared multiplier is used to calculate IPVA VpUA and VPVA iPVA'
The output of the multiplier is equal to IPVA VpVA 50% of the time and

VPVA iPVA for the remaining 50%. The switching rate between these values
is 4 kHz.

The output of the multiplier is connected to an automatic gain controlled
(AGC) amplifier, which controls the gain so that the peak output voltage is

1.5 V. A possible computer representation of the AGC amplifier is depicted

in Figure B.1-12.

B-15
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In the steady state, Pmx and pmy appear identical except that pmy is
scaled so that its peak value is 1.5 V. This signal is then fed into a
synchronous detector (Figure B.1-11). Basically, the output of the
synchronous detector, E, is equal to +pmy whenever the logic signal L2 is
high and _pmy when L2 is low. L2 is determined by the counter

associated with the PLL, (Figure B.1-6) i.e.,

L, =1 when 0° < chc(t) < 90°
or 180° < chc(t) < 270°; (B.1-10)
L2 =0 otherwise.

The output of the synchronous detector, E, is then integrated to give PTO,

which, in turn, controls the current reference, Iref (Figure B.1-5).

It should be noted that the computer representation of the AGC amplifier is
approximate. The actual circuit is highly nonlinear and depends upon a
transistor ‘'beta' which is not well controlled. Although the performance of
the actual AGC amplifier may be somewhat different, the difference is not
likely to be important since the output of the AGC feeds a relatively slow
integrator whose output is not likely to change significantly during the time

of interest.
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B.2 EMTP Implementation

The TESLACO static power converter model given in the previous section was
implemented on EMTP. This was not always a straightforward process. Most of
the model (the control circuitry) was represented using the transient
analysis of control systems (TACS) portions of EMTP. The rest of the model
involved in the conversion of PV array dc power to ac power was represented
in a normal EMTP electrical network. Figure B.2-1 indicates the overall flow
of signals between the EMTP network and the various components of the model
represented in TACS. Figures B.2-2 through B.2-11 give details of the

implementation of each component of the model.

The TACS portion of EMTP has predefined "devices" with which the user can
model typical control functions. Most of the blocks in the figures contain a
number, an "S", or an "F" in the upper right-hand corner. A number refers to
the number of the TACS supplemental device used (see EMTP Rule Book [22]).

An "F" indicates that a Fortran expression was used to accomplish the
function described in the block. An "S" indicates that the block represents
a transfer function. Some of the device blocks contain signals pointing to a
triangle containing letters. These triangles indicate control of the block
as follows: R-reset, RV-reset value, S-sample. A small box with a shaded
arrow containing a signal name indicates this signal is an interface variable

between the EMTP electrical network and TACS.

The most complicated portions of the EMTP implementation of the TESLACO model

are shown in Figures B.2-7 and B.2-8. They were the phase comparator and

B-21



loop filter implementations in which two signals within the phase locked loop
are compared, a current pulse with duration equal to the phase error is
generated, and the current pulse is applied to a loop filter to generate a
voltage error signal to the voltage controlied oscillator. The reason this
implementation was so complicated is that the solution time step used for the
EMTP model was 46.296 usec or 1° of 60 Hz. The phase error measured in the
phase locked loop needed to be more accurate than just to within 1°.
Therefore, an elaborate model was implemented that interpolated zero
crossings of the compared signals to times within a time step, determined the
duration of the current pulse, and charged and discharged the capacitors of
the loop filter as needed within a time step. Figures B.2-12 and B.2-13 help
to explain this. Figure B.2-13 shows the situation when both signals crossed
zero between the last time step and the present one. The times T1 and T2 are
calculated by interpolation. Therefore, a pulse of current with duration
T1-T2 should be applied to the loop filter for only a portion of the time
between the last time step and the present one. Figure B.2-12 shows the
circuit of the loop filter and how the voltage changes on the two capacitors
that make up the filter. For the portion of the time step before signal
U#VACF crossed zero (At-T1), the current pulse was zero and only VC2

changed. For the portion of the time step after U#VACF crossed and before
U#VPVT crossed zero (T1-T2), the current pulse was applied to the filter and
both VC1 and VC2 changed. For the portion of the time step after U#VPVT
crossed zero (T2), the current was zero and only VC2 changed. The EMTP
implementation will include the effect of all three of these intervals when
determining a value for Vin at time t. The implementation was general
enough to cover all possible combinations of zero crossings, whether they

occurred within the same time step or on different time steps.
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FIGURE B.2~12 LOOP FILTER IN PHASE LODCKED LOOP
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FIGURE B.2~13 EXAMPLE OF PHASE COMPARATOR OPERATION



TESLACO Model Data File Listing

A listing of the EMTP/TACS data file follows. The file is divided into two
sections with the TACS section treated as an INSERT file to the EMTP file.
This file is the base file used for the islanding study. The study was

performed on the M39 Apollo version of EMTP.
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BEGIN NEW DATA CASE

Cc
C DATA FILE NAME = SHEN12_ 1V1A
o CASE NO.
C
C
C TITLE
C
C
c
C
C
C ORIGINATING ENG. :
Cc
C REVIEWING ENG.:
C
C
C REVISED LINE FILTER BASED ON ACTUAL TESLACO
ABSOLUTE TACS DIMENSIONS
15 20 95 30 200 3600
46.296—-63000.E-3 0. 0. 1.0E-8
1 5 1 3 1 -1
25 1000
TACS HYBRID

C
$INCLUDE, TESLACO_UNIT
33U1VDC Ul1IPVAU1lPOWRU1lPTO U1lVIN UlPHERU1FREQ

33U1VPVXU1VPVTU1VACF
C
990PEN =(TIMEX.LT..39997)-.5

o

C BRANCH CARDS

CALCULATION NO.

DATE:

DATE:

2000 200

U1VCP1U1VACN 1.0

C ADD INTERNAL LOAD TO SOAK UP 76 VARS (NET 100 VARS)
U1VACNU1VCP1 1872.1

o

C OUTPUT LOAD ( 2280W+J494.4V ) (V=231.6)
U1VACJU1VACN 22.46912.924

o ( -J404.4
U1VACNU1VACJ 20.0

c

C INDUCTOR DISSIPATION RESISTORS
UlvB2 U1BRDP 12.00
U1l0TP1U1lVCP1 4.00

C LINE FILTER (REVISED — ZERO PHASE SHIFT)

U1lVACPU1lVF1 3.39E4
U1lVF1l U1lVACN 5.9
U1lVF1l U1VF2 3.47E6
UlVF2 U1lVACN 18.4-6
UlVF2 U1VF3 70.3-6
UlVF3 U1lVACN 3.34E9

C UNFOLDER CIRCUIT PARAMETERS
UlvB2 U1BRDP .02 .6



U1BRDPU1BRDN 4.7
U1BRDPU1BRDN 30. 2.2
UlOTP1U1VCP1 .0075 .2
C ISOLATION TRANSFORMER TO ALLOW GROUNDED SOURCE
TRANSFORMER U1TRNS
9999
1U1lVB 1.0E-3 1
2U1VB1 U1BRDN 1.0E-3 1
C 50KVA DISTRIBUTION TRANSFORMER
TRANSFORMER TRAND
9999
C 1VvsyYs .001 .001 7200.
C 28YSPl .036 .0955 120.
c 3 SYSN .036 .0955 120.
1vSsyYs .0001 7200.
2SYSP1 .0001 120.
3 SYSN .0001 120.

C SWITCH CARDS
C SWITCH TO SEND BUCK STAGE OUTPUT CURRENT TO TACS

U1lVB1l U1VB2 -1. 1E4
C SWITCH TO SEND UNFOLDER STAGE OUTPUT CURRENT TO TACS
U1OUTPU10TP1 -1. 1E4 1
U1BRDPU1BRXP -1. 1E4 1
U1VCP1U1VACP ~-1. 1E4 1
U1VACPU1VACJT -1. 1E4 1
C SWITCH TO MONITOR THE LOAD CURRENT FROM THE SYSTEM
C ULVACPSYSP1 -1. .130 1
C U1VACNSYSN -1. .130
13U1VACPSYSP1 CLOSED OPEN 11
13U1VACNSYSN CLOSED OPEN 11
C UNFOLDER TRANSISTORS
13U1BRXPU10UTP U1POS
13U1BRXPU1VACN UINEG
13U10UTPU1BRDN UINEG
13U1VACNU1BRDN U1POS

C SOURCE CARDS
C VOLTAGE OUTPUT OF BUCK STAGE FROM TACS

60U1VB -1.

C SYSTEM SOURCE

14VSYS 9825.9 60. -180.00 -1.
UlvB

C PLOT CARDS
FOURIER ON 5

182100 23. 24. U1lVCP1U1lVACN
192100 23. 24. U1lVCP1U1lVACP
192100 23. 24. UlVACPSYSP1

FOURIER OFF

BEGIN NEW DATA CASE



C AREKKREKKEEKEREKRKRREKKAKEKRRERKKEERKEKEKKKEKREKEKRAERKE A KRR AR ARKAKKRKRKRARNRRARRR Rk KRRk Kk kkk*k

C

C MODEL FOR TESLACO 4.0KW INVERTER

Cc

R L e T Ty 2]
C

$LISTOFF

C

cC

C *KhkKRKIAKREKRKRKRKREKRRKRKE KKK AKRKRKAKRRRKR AR KKK AR AR AR ARNKR AR ARk kA Nk h kR kA Rk Kk kkhkhkkkk*

C TACS STARTING SIGNAL

C AKEKKE AR KEKKEKRKEKR A RRERRKRAERI KRR KA EKRK KRR E AR RKRRKRARAKAKRRRRKRKRRRKAR KRR KKK )

Cc

11U#TPL1 .10000

o

99U#VAW1 =U#VAW.GE.O

88U#DVW159+U#VAWL

88U#TPLQ =(U#DVW1.GT.0.).AND.(TIMEX.LT..0167).AND.(TIMEX.GT..0001)
88U#TPL262+TIMEX U#TPLQ
o

77U#TPL2 100.

c

C KAEKKEKREEKEKRKKEKKRRRKEKKREKRRRKEKRK KRR RKKRARKKRKEKKR KKK R RNk kAR kkkk*kkk*%

C TACS BUCK STAGE (12 OHM MODEL)

C AAKEKKKEARRRERKARREEKRKEKRKRKKEKAKRKRKKREKRRRKAKRKR KRR IKA KRR KRRk kAT hkkkkkhkk*k

C

91U#VB1 -1. 1.E4
99U#CNZ =,03077*U#VB1l

88U#IREF =U#REFW*U#VM1¥*, 2

9SU#VB =(U#IREF-U#CNZ)*390.

C

C AKAKKAKRKEKRKRKRKEKEKKEREERRKREKAKRRKKARKRKAKKRKRKRERERKEKKAKERKREKKRKRIKRARRARRRRRAKRE AR AR kAR Rk kk k%

C TACS UNFOLDER CIRCUIT LOGIC

C [TEXEZTSEEE SIS ES RSS2 LSS R 2R 2R R SRS sl Rt it s R sttt s it A X RREEREEEEERSS

o
90U#VACP

99U#VAW  =U#VACP-U#VACN

99U#SC =U#VAW*5./339.4

99U#SCO 53+U#SC .00050DELTAT
C COMPARATOR #1 - SET SIGNAL TO FLIP FLOP #1

99U#C1 =(U#SC.GT.0.).OR. ((U#SC.EQ.0.).AND. (U§SCO.LT.0.))

C COMPARATOR #2 — RESET SIGNAL TO FLIP FLOP #1

99U#C2 =U#SC.LT.-4.

C COMPARATOR #3 - SET SIGNAL TO FLIP FLOP #2

99U#C3 =(U#SC.LT.0.).OR. ((U#SC.EQ.0.).AND. (U#SCO.GT.0.))

C COMPARATOR #4 — RESET SIGNAL TO FLIP FLOP #2

99U#C4 ~U#SC.GT. 4.

C FLIP FLOP #1 — SET SIGNAL FOR FLIP FLOP #3

99U#DC1l 59+U#C1

99U#DC2 59+U#C2

99U#FF1053+U#FF1 .00050DELTAT
99U#FF1 =( (U#FF10.EQ.1) .AND. (U#DC2.LE.0)).OR. (U§DC1.GT.1)

C FLIP FLOP #2 — RESET SIGNAL FOR FLIP FLOP #3

99U#DC3 59+U#C3



99U#DC4 59+U#C4

99U#FF2053+U#FF2 .00050DELTAT
99U#FF2  =((U#FF20.EQ.1).AND.(U#DC4.LE.0)).OR.(U#DC3.GT.1)

C FLIP FLOP #3

99U#DFF159+U#FF1

99U#DFF259+U#FF2

99U#FF3053+U#FF3 .00050DELTAT
99U#FF3  =((U#FF30.EQ.1).AND.(U#DFF2.LE.0)).OR. (U#DFF1.GT.1)

C OUTPUT TO EMTP TACS CONTROLLED SWITHES — UNFOLDER TRANSISTORS

99U#POS  =U#FF3.AND. (TIMEX.GT.U#TPL2)

99U#NEG  =(.NOT.U#FF3).AND.(TIMEX.GT.U#TPL2)

C

C A A KA KKK AR K AR R IA KA KR AR E AR R AR KRR RKRARRRKA KKK AARKAARRAARR AR ARk R AR A Ak ek kkhkkkkkkk k%

C TACS DC CONTROL

C R R R R 22222323 222X 222222222322 22222 s Rt i A i s sl st i sttt kat kR

C

88U#IPVX

88U#IDC
1u#vDpC

88U#VFB

88U#VM1 62+U#VFB

C

=U#IPVA*U#SEL
=(U#VB*U#VB1) /U#VDC
+U#IPVX —U#IDC 1.0
0.
.006

=U#VDC/50.

+U#PTO U#ZROD

C I EE XX R EEEEE RIS SRR S S22 RS E R R ARttt it R AR Rt R s e it R R R

C TACS PV ARRAY MODEL
R a s i A R R e T

C
11U#CLTC
11U4ISRT
11U#AIDL
11U#BIDL
11U#NP
11U#NS
99U#CLTK
99U#ILG
99U#41I0S
88U#IPVA
C
77U#NSOL
C

28.00
2.52
1.92
1.92
8.78
426.4
=U#CLTC+273.18
=U#NSOL/100. * (U$ISRT+. 0017 * (U¥CLTC-28.))
=7.31E-13*U#CLTK**3*EXP (12886. /U#BIDL*(.00332-1. /U#CLTK))
=U#NP*U#ILG-U#NP*U#IOS*(EXP(11601. *U#VDC/U#NS/U#AIDL/U#CLTK)-1.0)

100.00

AKEKEKKEKAEKKEERKEEKEERKEKAKAKRKRKKEREKKR KKK KR KRR RKRRRRKRKREKKKRKRRRKREKRKRKRRRKRKRRRRKRKRR AR AR kKKK kK

C
C TACS PHASE COMPARATOR
A R R R R e LT 2y

c

90U#VF3 -1.
90U#VACN -1.
99U#VACF =(U#VF3-U#VACN)*75.4

11U#CYCL  .01666656

88U#VPVT53+U#VPVX .01667U#CYCL
99U#VAFD53+U#VACF .00050DELTAT
99U#VPTD53+U#VPVT .00050DELTAT
99U#VACC =(U#VACF.GE.O0).AND.(U#VAFD.LT.0).AND. (TIMEX.GT.U#TPL1)

99U#T1 = (DELTAT*U#VACF )/ (U#VACF-U#VAFD)



99U#VPVC =(U#VPVT.GE.0).AND. (U#VPTD.LT.0).AND. (TIMEX.GT.U#TPL1)

99UH#T2 =(DELTAT*U#VPVT) /(U#VPVI-U#VPTD)
99U#BOTH =(U#VACC.AND.U#VPVD).OR. (U#VPVC.AND.U#VACD)

99U#DVACS59+U#VACC

99U#TF1  =(U#VACD.OR. (U#DVAC.GT.0)).AND. ( (U#VPVD.EQ.0).OR.U#BOTH)
99U#VACDS3+U4TF1 .00050DELTAT
99U#DVPV59+U#VPVC

99U#TF2  =(U#VPVD.OR. (U#DVPV.GT.0)).AND. ( (U#VACD.EQ.0).OR.U#BOTH)
99U#VPVDS3+U#TF2 .00050DELTAT
99U#LT =MINUS1*( (U#T2*U$VPVC)+(DELTAT*( .NOT.U#VPVC)))

99UHEQ =( (U#T1-DELTAT) *U#VACC)~( (U$T2—-DELTAT) *U#VPVC)

99U#GT =(U#T1*U#VACC)+(DELTAT*(.NOT.U4VACC))

99U#TWS 60+U4LT  +U#EQ  +U#GT U#TF1 U#TF2
99U4#SIGN60-PLUS1 +ZERO  +PLUS1 U#TWS ZERO
9UHT =ABS (U#TWS)

C

oS RS E R EE R RS RS RS R E R SR e Y Y R R e R R R I I

C TACS LOOP FILTER
C ******************************************************************************
c
99U#GBLT =U#VPVC*U4T2
99U#GBEQ =(U#TF1.OR.U#TF2)*DELTAT
99U#GBGT =U#VACC*U#T1
99U#TBIG60+U#GBLT +U#GBEQ +U#GBGT U$T1 U#T2
99U#SMLT =U#VACC*U#T1
99U#SMGT =U#VPVC*U#T2
99U#TSML60+U#SMLT +ZERO  +U#SMGT U#T1 U#T2
99U#VC2A =(U#VC20%(EXP(-137.74*(DELTAT-U#TBIG))))
99U#VC2B =U#SIGN*7.491*(1-EXP(-137.74*U4T))
U4VC20 +U#VC2
99U#VC2  =(U#VC2A+U#VC2B)*EXP(~137.74*U4TSML)
99U#VC1A =U#SIGN*33.37*UH#T
99U#VC1 65+U#VC1A
99U#VIN  =U#VC1+U$#VC2
c

C **xAAKRKKKRKKKIKRKIEKKKKIKRKRIKRAKRK KKK KRR KKK AR KRR AKX KRKRR KRR KRRk KRRk kkhkkkkkkKkk

C TACS REFERENCE SIGNAL

C *kkhk kAR RIRKRIAKKAKKEKRKREK AR IR KRR AR AR AR IR AR KA IRA KRR R Ak kA Rk hkkk*

o
88U#ADT  =(15360.+(920*U#VIN) ) *DELTAT

88U#SEL  =TIMEX.GE.U#TPL2

88U#ADJ1 =U#ADJ*U#SEL

88U#CNT 65+U#ADJ1

88U#VPVX =-339.*COS((2*PI/256.)*U#CNT-.017453)
88U#REF1 =SIN((2*PI/256.)*U#CNT)

88U#REFW =ABS(U#REF1)

88U#REF2 =(U#REF1.GE.ZERO)

88U#ZRODS59+U#REF2

88U#L2X  =(SIN((4*PI/256.)*U#CNT)).GE.ZERO
88UH#L2 =U#L2X+1.0

C

C I EEEE R EEEEEEEEE R R AR SRR R SRS SRR R R AL R R AR R R EE SRR SR RS EEEREEEEESERESEES]

C TACS PHASE ERROR SHUT DOWN LOGIC

[oBEEEE XS EEE RS S SRS SRR RS SRR LR E RS AR EREEEEREEREREERLEEESEEEEEEEEEESES]
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C

88U#PLSE =(U#VPVT.GT.ZERO).AND. (TIMEX.GT.U#TPL1)

99U#VACQ =(U#VACF.GT.ZERO).AND,. (TIMEX.GT.U#TPL1)

88U#OR1  =((U#VPVX.GE.O0).AND. (U#VACQ.NE.1))

88U#OR1A =((U#VACQ.EQ.1).AND. (U#VPVX.LT.0))

88U#OR2  =( (U4PLSE.EQ.1).AND. (U#VACQ.NE.1))

88U#OR2A =((U#VACQ.EQ.1).AND. (U#PLSE.NE.1))

88U#OROT =((U#OR1.0R.U#OR1A).OR.(U#OR2.0R.U#OR2A)).AND.(TIMEX.GT.U#TPLI)
88U#ORL 53+U#ORTL .00050DELTAT
88U#ORTL =(U#ORL+DELTAT)*U#OROT

88U#ORFL53+U#OROF .00050DELTAT
88U#OROF =(U#ORTL.GE. (277.E-6)).0R. (U#ORFL.EQ.1)

88U#HEMS62+TIMEX U#OROF
88U#HMMS =TIMEX.GT. (U#HEMS+.100)

88U#SHUT =EXP((10E20*U#HMMS)+(10E20*U#HMMS))

88U#OROP =U#ORQT.GT.O.

88U#DORO59+U#0OROP

88U#PHE164+U#ORL 1. 0. U#DORO
88U#PHER =U#PHE1/46.3E-6

C

oBR EEEA RS E R RS SRR RS R R S L e I Y P R A I I ™

C TACS PEAK POWER TRACKER
SR R R A

C

3U$#HPI  +U#IPVA 1.
: 0. 0. 1.
200000, 41000, 205. 1.
3U4HPV  +U#VDC 1.
. 0. 0. 1.
200000. 41000. 205. 1.
23U#SELX 1.0 500.E-6 250.E-6 0.
99U#SELY =U#SELX+1.0
88U#X1 61+U#VDC +U#IPVA U#SELY
88U#X2 61+U#HPI +U#HPV U#SELY
88U#PMX  =U#X1*U#X2
88U#APMX =ABS(U#PMX)
OU#PMXA +U#APMX -U#PMXC 0. 1.E20
99U#PXXR =TIMEX.GE..065
99U#PMXX =U#PMXA*U#PXXR
1U#PMXC +U#PMXX 1.
2000. 0.
3.33 1.
99U#PMXR =(TIMEX.GE..07)
88U#PMXP60+U#PMX +U#PMX +U#PMXC U PMXR
88U#PMY  =U#PMX/U#PMXP*1.5
88U#E  61-U#PMY +U#PMY U#L2
99U#CTON =TIMEX.GE..070
99U4E1 =U#E*U#CTON
1U4#PTO  +U4E1 -1.
3. 0.
1.
o
77U#PTO 2.55
C



C KKK EIAKRRAKKKEEARAKRK KKK KEKRKRKERKKEKER AR AAKAKAKAKRKRRKEKRKRRAKRAKRKRKRAKRRRRKR KRR KRRk R KRRk k*

c TACS FREQUENCY METER

O AR AR AR AR A AR AR AR R KA K AR AR AR KR KRR KRR A KRR K RA KKK KRR AR KA RRR KR KRR AN KUK Ak
C

99U#FREQ50+U# VAW

C

C KEAKKKEKKRAKRKEA KKK RKAKRRKRKRKKRRNAKRKAKRKRIKRKRRA KKK KRR Rk A Kk Rk hkkkk*k

C INITIAL CONDITIONS

R T T E T
C

77U4#IPVA 0.

77U#VDC 200.0

77U41IDC 0.

770#VM1 5.

77U#VFB 5.

77U#PMX 2
77U#X1 1
77U#X2 1.
77U#CNT 0
77U#HEMS 100
C

$LISTON

C

o 0O O OO0
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B.3 Model Validation

After the model of a TESLACO static power converter was implemented on EMTP,
it was necessary to check the accuracy of the implementation. Along with the
original model, P. C. Krause and As;ociates supplied five simulations using
this model as implemented on an analog computer at Purdue University. The
simulations were for a single TESLACO in an island with passive load
consisting of a 288 ohm resistor in parallel with an RL series branch of
16.87 ohms and 16.61 mh. The only differences among the five simulations
were in the amount of solar insolation and therefore in the output power of
the TESLACO. Figures B.3-1, B.3-3, B.3-5, B.3-7, and B.3-9 give the results
obtained on the analog computer. Figures B.3-2, B.3-4, B.3-6, B.3-8, and
B.3-10 give the corresponding results which were obtained with EMTP. Plots
for Io and Ppva are not shown in the EMTP results. Otherwise, the EMTP plots

correspond one for one with the Purdue plots.
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FIGURE B.3-3 ANALOG COMPUTER MODEL RESULTS OF TESLACO
SPC WITH INSOLATION = 70 Mw/cM2
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FIGURE B.3-5 ANALOG COMPUTER MODEL R:ESULAT OF TESLACO
SPC WITH INSOLATION = 80 MW/cCM2
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FIGURE B.3-7 ANALOG COMPUTER MODEL RESULTS OF TESLACO
SPC WITH INSOLATION = 90 Mw/cMZ
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FIGURE B.3-9 ANALOG COMPUTER MODEL RES''LTS oF TESLACO
SPC WITH INSOLATION = 100 Mw/cM2
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B.4 Simplified Model

Because of the complexity of the SPC models and the EMTP program itself, the
time involved in computer simulations is quite long. A simplified model that
can be used to make an initial screening calculation could decrease the
simulation time substantially and eliminate the need for some of the detailed
EMTP simulations. In this section the development and islanding performance
of a simple model for a commercially available self-commutated SPC is

described.

The SPC is the TESLACO whose operating principie is based on the high-

frequency link approach as described before (Figure B.1-1).

The aim of the simplified model is to determine the response of the SPC in
terms of dc or rms values of system variables instead of instantaneocus time
domain waveforms. The results of the simulations are given in terms of the
“"run-on time" which is defined as the time elapsed between the utility power
interruption and the disconnection of SPC from the line. The model should
predict the run on times optimistically under all operating conditions and

indicate the problem areas sufficientiy close.

Using the detailed model of EMTP computer simulations and considering the
effects of SPC control algorithm during isolated operation, simplifying
assumptions were established and an equivalent circuit was obtained. The
equivalent circuit is composed of four sections: Converter, Phase-lLocked
Loop, Control System, and Photovoltaic Array. The details of each section

are provided below.
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Converter

The converter part of the equivalent circuit characterizes the dc-ac
conversion process, and includes the rectifier, unfolder, filters, line
filter, utility and load (Figure B.4-1). In the equivalent circuit, the
effects of the voltage feedforward and current feedback controls are
represented by a synthesized non-dissipative internal resistance and shown as
the 12.0 ohm resistor in Figure B.4-1. The transients due to the operation
of the unfolder are neglected since the SPC operates around unity power

factor.

The utility power interruption is simulated by the operation of the switch
shown in Figure B.4-1. Before the switch opens, the SPC is in the

pre-islanding mode and its operation can be described by the following

equations:
Ip = (Kyp + 3K )Vpes * (Kpp * IKoiWVgri00 (B.4-1)
Vi = (Kgp * 3Kgi)Vpep + (Kgp * K45 )Vgria (8.4-2)
where VF = VF ggl, IR = IR 193,
Ref = VRef L9 Yorid = Vorid 22%
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and Kyps Kpio Koo Kain Kgpo Ky

determined from the circuit diagram.

K K K4r and K41 can be

After the utility switch opens, the converter goes into the islianding mode,

and the following equations describe the converter operation.

—i|
|

R = (Kgp. + 3Kgi)Vpags (B.4-3)

VF = (K6r + jKGi)VRef' (B.4-4)
The constants KSr’ K51, K6r and K61 can be determined from the

converter equivalent circuit diagram.

Phase-Locked Loop

The phase-locked loop (PLL) is responsible for synchronizing the SPC control
system to the utility grid for unity power factor operation. In terms of the
equivalent model, the PLL sets the angle of the converter reference voltage
(i.e., 02) depending upon the angle of the line filter voltage (i.e.,

01). At steady-state the PLL operation is described by the following

equation:

0, = 0, + 90°. (B.4-5)
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During islanding, the dynamics of the PLL operation are described by

02(5) = PLL(s)*Ol(s) + 90./s, (B.4-6)

where PLL(s) is the closed-loop transfer function of the PLL equivalent model

shown in Figure B.4-2 [26].

The PLL utilized in TESLACO is an RCA 4046, which is a digital-analog PLL.
The PLL equivalent model shown in Figure B.4-2 was obtained using the
procedure outlined in Best [26]. In the actual system, the Toop filter input
is a pulse whose duty cycle is proportional to phase error. In this analysis
the average value of the pulse waveform is assumed to be proportional to the

phase error,

Control System

The control system of the TESLACO SPC is based on feedforward voltage
control, and includes a maximum power point tracker (MPPT). The controller
adjusts the magnitude of the internal reference voltage (i.e., VRef) of the
converter so that at steady-state, the PV array operates at its maximum power
point (MPP). Due to the slow response time of the MPPT, the PV array may not
operate at its MPP during isolated operation but at another point as
determined by the circuit configuration. Also during isolated operation, the
MPPT can only decrease the run-on time since it continuousliy perturbs the

operating point. For these reasons the MPPT operation can be neglected; that
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is, its effect can be characterized by a constant (CMPPT) during the isolated

operation of the SPC,

) = 1.56*V + 78.0*CMPPT, (B.4-7)

Ref PVA

where

CMPPT = The output voltage of the maximum power point tracking controller.

Photovoltaic Array

A linear equation is utilized to describe the output characteristics of the
PV array (Equation B.4-8). The coefficients are determined from a specified

maximum power level and the corresponding maximum power point voltage.

Vova = Voc pva T Reva™levas (B.4-8)
where
VPVA = photovoltaic array voltage (V)
IPVA = photovoltaic array current (A)
Voc PVA = photovoltaic array open-circuit voltage for linearized

output characteristics (V)
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RpVA = photovoltaic array equivalent internal resistance for

linearized output characteristics (ohms).

The open-circuit voltage of the linearized equation is equal to twice the
maximum power point voltage, and the equivalent internal resistance can be
determined from the specified maximum power and voltage levels. This
linearized PV array equation gives reasonably satisfactory results for
operating points around the maximum power voltage; however, exact equations

can be used if necessary.

The power equations are obtained by assuming that the PV array power is

converted to ac power without any losses; that is,

P =P

PVA IN

= VRef*IR*cos(02-03) - 12*IR*IR (B.4-9)
or
VPVA*IPVA = VRef*IR*cos(02-03) - 12*IR*IR, (B.4-10)
where

PPVA = photovoltaic array output power (W)

o
]

IN C The average ac input power to the SPC after the

synthesized resistance as shown in Figure B.4-1.
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Solution Method

To find the isolated operation performance of the SPC, one method of analysis
is to solve the converter, PLL, control system, and PV array equations
simultaneously. Note that the transients are only included in the PLL
equations, whereas converter equations are complex~ac. Therefore a
full-blown EMTP solution is not required. The program "PVISL" in Fortran 77
was developed to solve the problem. The structure of the program is such
that the nonlinear equations of the converter, control system, and PV array
are solved to compute the input (i.e., 01) for the PLL state variables

for each step of the differential equation solution. Then, the output of the
PLL (i.e., 02) is used to update the corresponding coefficients of the
nonlinear equations. The process continues until the phase error (input to
the phase detector) exceeds the trip setting of the TESLACO SPC (which is 6
degrees) and the time elapsed is the SPC run-on time for the specified load

and utility-grid parameters. More detail is provided below.

As the first step in the program, initial array operating voltage and power,
grid voltage, load and line impedance values are specified. The initial
conditions on the PLL equations and the MPPT controller output are determined
by assuming that the system is initially phase-locked. To find these
pre-islanding conditions, Equations (B.4-1), (B.4-2), (B.4-5), (B.4-7) and
(B.4-9) are solved simultaneously for the variables VF’ VRef’ IR’

8, 0,, 85, and CMPPT.
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After the isolation, the MPPT output, CMPPT, and the PLL output, 02, are
assumed to stay constant, and the angle of output filter voltage, 01,
undergoes a step change as determined by the circuit parameters. To

calculate 0,, the islanding equations, Equations (B.4-3), (B.4-4),

1!
(B.4-7), (B.4-8) and (B.4-10), are solved simultaneously for the variables

Y I VPVA’ and IPVA' The new value of

P> VRet Tr> O10 O3
01 is the step input to the PLL, and PLL response, 02, is calculated for
the next time step. After substituting the calculated value of 02 into

the islanding equations a new set of equations is obtained, which is solved
simultaneously to determine the next value of 01. The simulation
continues, and if the SPC does not reach its trip settihg within the
predetermined simulation time, the program terminates with a message;

otherwise the run-on time is output with the corresponding system

parameters.

Computer Simulation Results

The results of computer simulations are shown in Figure B.4-3, where the
islanding performance of the SPC is characterized in terms of run-on times as
a function of both real and reactive power mismatch between generation and
the Toad. These results will accurately and optimistically predict the
islanding performance of the self-commutated TESLACO SPC. This is shown in
Figure B.4-4 where the lab tests performed at Sandia (see Section 3.2) are

compared with EMTP simulations and with the results of the simplified model.
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Simplified Model Fortran Source Code

C
C SIMULATION OF TESLACO STATIC POWER CONVERTER
c
C A SIMPLIFIED MODEL
c
c
DIMENSION XINIT(15),ALPHA(15,15),BETA(15),INDX(15),Y(10),
*DYDX(10), TH2D( 1500)
CHARACTER*50, TITLE
COMMON/PREISL/A1,B1,C1,D1,E1,F1,G1,H1
COMMON/ISL/A2,B2,E2, F2
COMMON/SYSTEM/RLINE, XLINE,RLOAD, XLOAD
COMMON/VP/VUTIL,PPVA, RDCONV
COMMON/CONSTANT/TH2,CON1,CON2,CON3,CON4 , PPT
COMMON/ INPUT/THE
C INITIALIZATION
OPEN(UNIT=10,FILE='TESLAIN.DAT',STATUS="'0LD')
READ(10,*)

READ(10,*)TITLE
PRINT*,TITLE
READ(10,*)
READ(10,*)DT
PRINT*,DT
READ(10,*)
READ( 10, *) TMAX
READ(10,*)
READ( 10, *)M
READ(10,*)
READ( 10, *)RLINE
READ(10,*)
READ( 10, *)XLINE
READ(10,*)
READ( 10, * )RLOAD
READ(10,*)
READ( 10, *)XLOAD
READ(10,*)
READ(10,*)VUTIL
READ(10,*)
READ( 10, *)PPVA
READ(10,*)
READ(10,*)VPVA
PRINT*, VPVA
CLOSE(UNIT=10)
OPEN(UNIT=20,FILE="'TESLAOUT.DAT',STATUS="'UNKNOWN"')
999 PRINT*, 'ENTER TITLE'
READ*, TITLE
PRINT*, 'ENTER PLL GAIN; "TO STOP ENTER A NEGATIVE #"'
READ* , GAIN ,
PRINT*,GAIN, 'GAIN'
IF(GAIN.LE.0.0)GOTO 998
PRINT*,'ENTER PBASE'
READ* , PBASE

B-66



OOO0O0

OOO0O0

OOOO0

PRINT*,'ENTER PDELTA'
READ*,PDELTA
PRINT*,'ENTER PMAX'
READ* , PMAX

MAXPN=( PMAX-PBASE)/PDELTA
PRINT*,'ENTER QBASE'
READ*,QBASE

PRINT*,'ENTER QDELTA'
READ*,QDELTA
PRINT*,'ENTER QMAX'
READ*, QMAX
MAXQN=(QMAX-QBASE)/QDELTA

DO 11 MNP=1,MAXPN+1
PLOAD=PBASE+(MNP-1)*PDELTA
DO 12 NMQ=1,MAXQN+1
QLOAD=QBASE+(NMQ-1)*QDELTA
RLP=VUTIL*VUTIL/PLOAD
IF(QLOAD.EQ.0.0)QLOAD=0.1
XLP=VUTIL*VUTIL/QLOAD
RLOAD=RLP*XLP*XLP/(RLP*RLP+XLP*XLP)
XLOAD=RLP*RLP*XLP/(RLP*RLP+XLP*XLP)

PRINT*,'INITIALIZING THE SIMULATION'

FIND EQUIVALENT CIRCUIT CONSTANTS (Al,B1,,,,)
FROM GIVEN LOAD AND LINE DATA

CALL INITIAL

FIND PRE-ISLANDING CONDITIONS BY ASSUMING
STEADY STATE OPERATION

RDCONV=180./3.1415927
NTRIAL=10
VF,TH1,VB,CB,TH3,TH2

XINIT(1)=3.0
XINIT(2)=-90.0/RDCONV
XINIT(3)=350.
XINIT(4)=20.0
XINIT(5)=0.0
XINIT(6)=0.0
N=6
TOLX=5.E-2
TOLF=5.E-2

PRINT*, 'SOLVING PRE-ISLANDING CONDITIONS'
CALL MNEWT(NTRIAL,XINIT,N,TOLX,TOLF)

CALCULATE THE CONSTANT FOR NEGLECTING THE MPPT
OPERATION FOR GIVEN PVA VOLTAGE

PPT=XINIT(3)/390./0.2-VPVA/50.
TH2=XINIT(6)
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CALCULATE THE CONSTANTS FOR PVA USING THE MPP
VOLTAGE AND POWER
VPVA=CON1-CON2*CPVA

CON1=VPVA*2,
CON2=VPVA*VPVA/PPVA

OUTPUT PRE-ISLANDING CONDITIONS

WRITE(20,100)TITLE,DT,TMAX M

100 FORMAT('1',10X,'*** TESLACO STATIC POWER CONVERTER
*SIMULATION ***!'//t ' '10X,A50
*//' ', 15X, " *** SIMULATION PARAMETERS **x*!/
*P U1K, 'TIME INCREMENT=',F10.5,3X, 'SIMULATION TIME=',
*F10.5,3X,'OUTPUT FREQ.=',I4)
WRITE(20,110)RLINE,XLINE

110 FORMAT('0',15X,' *** SYSTEM PARAMETERS ***!'/
*! ', 10X, 'RLINE=',F10.6,5X, 'XLINE=',F10.6)
WRITE(20,120)RLOAD,XLOAD

120 FORMAT(' ',10X,'RLOAD=',F10.5,5X, 'XLOAD="',F10.5)
WRITE(20,121)PLOAD,QLOAD

121 FORMAT(' ',10X,'PLOAD=',F10.5,5X,'QLOAD=',F10.5)
WRITE(20,125)VUTIL,PPVA

125 FORMAT(' ',10X,'VUTIL=',F10.2,5X,' PPVA=',6F10.2)
WRITE(20,130)CON1,CON2,GAIN

130 FORMAT(' ',10X,' CON1=',E12.5,3X,' CON2=' E12.5/' ',
*10X, 'PHASE-LOCKED LOOP GAIN = ' E12.5)
WRITE(20,140)XINIT(1),XINIT(2)*RDCONV,XINIT(3),
*XINIT(6)*RDCONV,XINIT(4),XINIT(5)*RDCONV

140 FORMAT('0',13X,'*** PRE-ISLANDING CONDITIONS ***!/
*!' V10X, VF=',E12.5,3X, ' TH1="' |E12.5/
*! 110X, ' VB=',E12.5,3X,'TH2=" E12.5/
*! ',10X,' CB=',E12.5,3X,'TH3=',E12.5)
WRITE(20,150)VPVA,PPVA/VPVA,PPVA,PPT

150 FORMAT(' ',9X,'VPVA=' E12.5,2X,'CPVA=' E12.5/
*!' V9K, 'PPVA=' (E12.5,2X,' PPT=',E12.5)

FIND INITIAL CONDITIONS FOR ISLANDING, SPECIFICALLY
CALCULATE THE CHANGE IN TH1 AFTER UTILITY IS
DISCONNECTED, ASSUME THAT TH2 HAS NOT CHANGED

PRINT*,'FINDING INITIAL CONDITIONS FOR ISLANDING'

NTRIAL=10
VF,TH1,VB,CB,TH3,VPVA,CPVA

XINIT(1)=5.

XINIT(2)=-90./RDCONV

XINIT(3)=350.

XINIT(4)=20.

XINIT(5)=0.

XINIT(6)=200.

XINIT(7)=20.
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40

N=7

TOLX=5.E-2

TOLF=5.E~2

CALL MNEWT(NTRIAL,XINIT,N,TOLX,TOLF)
TH1=XINIT(2)

PRINT*, 'INITIAL CONDITIONS FOUND'

MO=TMAX/DT/M

NR=3

NDELAY=1./60./DT+1

DO 40 I=1,NDELAY

TH2D( 1)=TH2

THE=TH1+90. /RDCONV-TH2D( 1)
YCON1=8.1578125E-4*GAIN
YCON2=34067 . 647
YCON3=147058.82
YCON4=7.26E-3
Y(1)=TH2/YCON1/YCON3
Y(2)=0.

Y(3)=0.

T=0.

ISHUT=0

WRITE(20,200)

200 FORMAT(//' ',15X,'*** ISLANDING CONDITIONS **x!

/' 14X, 'TIME' 10X, VF',10X,'TH1',10X,' VB',10X,'TH2'

x/1 1 12X, 1CB',10X, 'TH3',9X, 'VPVA',9X, 'PPVA')
WRITE(20,210)T,XINIT(1),XINIT(2)*RDCONV,XINIT(3),
*TH2*RDCONV, XINIT(4),XINIT(5)*RDCONV,XINIT(6),
*XINIT(6)*XINIT(7)

210 FORMAT(' ',5(1X,E12.5)/' ',6X,4(1X,E12.5))

30

50

10

20

PRINT*,'SOLVING ISLANDING'
NTRIAL=20
DO 10 I=1,M
IF(T.GT.TMAX) GOTO 20
CALL RK4(Y,DYDX,NR,T,DT,Y)
TH2=YCON1*(YCON3*Y(1)+YCON2*Y(2))
DO 50 J=1,NDELAY-1
TH2D(J)=TH2D(J+1)
TH2D(NDELAY )=TH2
CALL MNEWT(NTRIAL,XINIT,N,TOLX,TOLF)
TH1=XINIT(2)
THE=TH1+90./RDCONV-TH2D(1)
T=T+DT
IF(ABS(THE*RDCONV) .GE.6.)ISHUT=1
IF(ISHUT.EQ.1)GOTO 55
CONTINUE
WRITE(20,210)T,XINIT(1),XINIT(2)*RDCONV,XINIT(3),
*TH2*RDCONV, XINIT(4),XINIT(5)*RDCONV,XINIT(6),
*XINIT(6)*XINIT(7)
IF(ISHUT.EQ.1)G0 TO 20
GOTO 30
CONTINUE
PRINT*, 'ISLANDING SOLVED'
PRINT*,! !
PRINT*,'PLOAD=",PLOAD,'QLOAD=",QLOAD
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220
225

12
11

998

IF(ISHUT.EQ.1) PRINT*,'TESLACO SHUT-DOWN IN
x1 T ' SECONDS'

TF(ISHUT.EQ.0) PRINT*,'TESLACO DID NOT SHUT-DOWN IN',
*TMAX , ' SECONDS

IF(ISHUT.EQ.1) WRITE(20,220)T

FORMAT(' '///5X,'TESLACO SHUT-DOWN IN',F10.5,' SEC.'/)
IF(ISHUT.EQ.0) WRITE(20,225)TMAX

FORMAT(' '///5X,'TESLACO DID NOT SHUT-DOWN IN *',F10.5,
x1 SEC.1/)

CONTINUE

CONTINUE

GO TO 999

CLOSE(UNIT=20)
STOP
END

SUBROUTINE INITIAL
COMMON/PREISL/A1,B1,C1,D1,E1,F1,G1,H1
COMMON/ISL/A2,B2,E2,F2
COMMON/SYSTEM/RLINE,XLINE,RLOAD,XLOAD

COMPLEX 71,22,23,74,75,2F1,ZF2,7ZF3,7ZF4,ZF5,7F6,
*ZLOAD,ZLINE,CMPLX

COMPLEX ZF,ZF3456,ZDUM1,ZDUM2,ZDUM3,ZDUM4,ZDUMS,ZDUME,
*7DUM7 ,ZDUM8, ZDUM9,ZDUM10,A1B1,C1D1,E1F1,G1H]1,A2B2,E2F2

71=(12.02,0.2262)
72=(0.0,-564.379)
73=(30.0,-1.2057193E3)
74=(0.0075,0.0754)
75=(0.0,-2.65258E3)
ZF1=(3.39E4,0.0)

ZER0=0.0

PI=3.1415927
ZF22=-1./2/P1/60./5.9E-6
ZF2=CMPLX(ZERO,ZF22)
ZF3=(3.47E6,0.0)
ZF44=-1./2/P1/60./19.E-12
ZF4=CMPLX(ZERO,ZF44)
ZF55=-1./2/P1/60./31.E-12
ZFS=CMPLX(ZERO,ZF55)
ZF6=(3.34E9,0.0)
ZLOAD=CMPLX(RLOAD, XLOAD)
ZLINE=CMPLX(RLINE,XLINE)

ZF3456=7FA*(ZF5+ZF6)/(ZFA+ZF5+ZF6)+ZF3
ZF=7F1+7F2*7F3456/(ZF2+1F3456)
ZDUM1=Z5*ZLOAD*ZF/(Z5*ZLOAD+ZF*ZLOAD+ZF*Z5)
ZDUM2=22*73/(22+Z3)
ZDUM3=7Z4+ZDUM1*ZLINE/(ZDUM1+ZLINE)
ZDUM4=ZDUM2*ZDUM3/(ZDUM2+ZDUM3)
A1B1=1./(ZDUM4+Z1)

ZDUM5=Z1+ZDUM2* (Z4+ZDUM1)/(ZDUM2+Z4+ZDUM1)
A2B2=1./ZDUM5
C1D1=-ZDUM4*ZDUM1/ZDUM3/(ZDUM4+Z1)/(ZDUM1+ZLINE)
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ZDUM1=Z5*ZL0AD/(Z5+ZLOAD)

ZDUM3=Z1*ZDUM2/(Z1+ZDUM2)

ZDUM4=7DUM3+74

ZDUM5=ZDUM1*ZDUM4/( ZDUM1+ZDUM4 )

ZDUM6=ZF1+ZDUM5

ZDUM7=7ZDUM6*ZF2/(ZDUM6+ZF2)

ZDUMB=ZF3+ZDUM7

ZDUM9=7ZDUM8*ZF4/(ZDUM8B+ZF4)
ZDUM10=ZDUM3*ZDUM5*ZDUM7*ZDUM9/ZDUM4/ZDUM6/ZDUM8/Z 1
E2F2=2F6*ZDUM10/(ZDUMI+ZF5+ZF6)

ZDUM1=Z5*ZLOAD*ZLINE/(Z5*ZLOAD+ZLOAD*ZLINE+ZLINE*Z5)
ZDUM3=71*ZDUM2/(Z1+ZDUM2)

ZDUM4=7ZDUM3+Z4

ZDUM5=ZDUM1*ZDUM4/(ZDUM1+ZDUM4)

ZDUM6=ZF1+ZDUM5

ZDUM7=ZDUM6*ZF2/(ZDUM6+ZF2)

ZDUM8=ZF3+ZDUM7

ZDUM9=ZDUM8*ZF4/(ZDUMB+ZF4)
ZDUM10=ZDUM3*ZDUM5*ZDUM7*ZDUM9/ZDUM4 /ZDUM6/ZDUM8/Z1
E1F1=7F6*ZDUM10/(ZDUM9+ZF5+ZF6)

ZDUM3=Z4+Z1*ZDUM2/(Z1+ZDUM2)
ZDUM5=ZDUM1*ZDUM3/(ZDUM1+ZDUM3)
ZDUM6=ZF1+ZDUM5
ZDUM7=ZDUM6*ZF2/(ZDUM6+ZF2)
ZDUMB=ZF3+ZDUM7
ZDUM9=ZDUM8*ZF4/(ZDUM8+ZF4)
ZDUM10=ZDUM5*ZDUM7*ZDUMS/ZDUM6/ZDUM8/ZLINE
G1H1=ZF6*ZDUM10/(ZDUM9+ZF5+7F6)

A1=REAL(A1B1)
B1=AIMAG(A1B1)
C1=REAL(C1D1)
D1=AIMAG(C1D1)
E1=REAL(E1F1)
F1=AIMAG(E1F1)
G1=REAL(G1H1)
H1=AIMAG(GIH1)

A2=REAL(A2B2)
B2=AIMAG(A2B2)
E2=REAL(E2F2)
F2=AIMAG(E2F2)

RETURN
END

SUBROUTINE USR(X,ALPHA,BETA)
COMMON/PREISL/A1,B1,C1,D1,E1,F1,G1,H1
COMMON/VP/VUTIL,PPVA,RDCONV

DIMENSION X(15),ALPHA(15,15),BETA(15)
VE=X(1)
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TH1=X(2)

VB=X(3)

CB=X(4)

TH3=X(5)

TH2=X(6)
BETA(1)=-(PPVA+CB*CB*12.0-VB*CB*COS(TH2-TH3))
BETA(2)=~(A1*VB*COS(TH2)-B1*VB*SIN(TH2)+C1
**YUTIL-CB*COS(TH3))
BETA(3)=-(B1*VB*COS(TH2)+A1*VB*SIN(TH2)+D1
**YUTIL-CB*SIN(TH3))
BETA(4)=-(E1*VB*COS(TH2)~-F1*VB*SIN(TH2)+G1
**YUTIL=-VF*COS(TH1))

BETA(5)=-( F1*VB*COS(TH2)+E1*VB*SIN(TH2)+H1
**JUTIL=VF*SIN(TH1))
BETA(6)=-(TH1~TH2+90.0/RDCONV)
ALPHA(1,1)=0.0

ALPHA(1,2)=0.0

ALPHA(1,3)=-CB*COS(TH2-TH3)
ALPHA(1,4)=-VB*COS(TH2-TH3)+2.*12.0*CB
ALPHA(1,5)=-VB*CB*SIN( TH2-TH3)
ALPHA(1,6)=VB*CB*SIN(TH2-TH3)
ALPHA(2,1)=0.0

ALPHA(2,2)=0.0
ALPHA(2,3)=A1*COS(TH2)-B1*SIN(TH2)
ALPHA(2,4)=-COS(TH3)
ALPHA(2,5)=CB*SIN(TH3)
ALPHA(2,6)=-A1*VB*SIN(TH2)-B1*VB*COS(TH2)
ALPHA(3,1)=0.0

ALPHA(3,2)=0.0
ALPHA(3,3)=B1*COS(TH2)+A1*SIN(TH2)
ALPHA(3,4)=-SIN(TH3)
ALPHA(3,5)=-CB*COS(TH3)
ALPHA(3,6)=-B1*VB*SIN( TH2)+A1*VB*COS( TH2)
ALPHA(4,1)=-COS(TH1)
ALPHA(4,2)=VE*SIN(TH1)
ALPHA(4,3)=E1*COS(TH2)-F1*SIN(TH2)
ALPHA(4,4)=0.0

ALPHA(4,5)=0.0
ALPHA(4,6)=-E1*VB*SIN(TH2)~-F1*VB*COS(TH2)
ALPHA(5,1)=-SIN(TH1)
ALPHA(5,2)=-VF*COS(TH1)

ALPHA(5,3)=F1*COS( TH2)+E1*SIN(TH2)
ALPHA(5,4)=0.0

ALPHA(5,5)=0.0
ALPHA(5,6)=-F1*VB*SIN(TH2)+E1*VB*COS(TH2)

1
.0
.0
.0
.0
ALPHA(6 o
ALPHA(6

RETURN
END

IOOOI--‘O I

W nH N

)
1)
2)
3)
4)
5)
6)

SUBROUTINE USRFUN1(X,ALPHA,BETA)
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COMMON/ISL/A2,B2 ,E2,F2
COMMON/CONSTANT/TH2,CON1,CON2,CON3,CON4 , PPT
DIMENSION X(15),ALPHA(15,15),BETA(15)

VE=X(1)

TH1=X(2)

VB=X(3)

CB=X(4)

TH3=X(5)

VPVA=X(6)

CPVA=X(7)
BETA(1)=-(VPVA*CPVA+CB*CB*12.0-VB*CB*COS( TH2-TH3))
BETA(2)=-(A2*VB*COS(TH2)-B2*VB*SIN( TH2)-CB*COS(TH3))
BETA(3)=-(B2*VB*COS(TH2)+A2*VB*SIN(THZ)-CB*SIN(TH3))
BETA(4)=-(E2*VB*COS(TH2)-F2*VB*SIN(TH2)-VF*COS(TH1))
BETA(5)=-( F2*VB*COS(TH2)+E2*VB*SIN( TH2)-VF*SIN(TH1))
BETA(6)=-(VPVA-CON1+CON2*CPVA)
BETA(7)=-(VB-1.56*VPVA-78.*PPT)

ALPHA(1,1)=0.0

ALPHA(1,2)=0.0

ALPHA(1,3)=-CB*COS(TH2-TH3)
ALPHA(1,4)=-VB*COS(TH2-TH3)+2.*12.0*CB
ALPHA(1,5)=-VB*CB*SIN( TH2-TH3)

ALPHA(1,6)=CPVA

ALPHA(1,7)=VPVA

ALPHA(2,1)=0.0

ALPHA(2,2)=0.0

ALPHA(2,3)=A2*COS(TH2)-B2*SIN(TH2)
ALPHA(2,4)=-COS(TH3)

ALPHA(2,5)=CB*SIN(TH3)

ALPHA(2

IEDODDOC')

ALPHA(3
ALPHA(3
ALPHA( 3
ALPHA( 3

: COS(TH2)+A2*SIN(TH2)
ALPHA(3.

.0
.0
.0
.0
*
IN(TH3)
~CB*COS(TH3)
.0
.0
0

ALPHA(4,1)=-COS(TH1)
F*SIN(TH1)
2

*COS(TH2)-F2*SIN(TH2)

ALPHA( 4
ALPHA( 4
ALPHA( 4
ALPHA(S,
ALPHA(5,2)=
ALPHA(5,3)=
ALPHA(5,
ALPHA(S,
ALPHA(S,
ALPHA(S,

L | R (A | II i1 II L L I T I R 1 II 1l

4
5
6
7
1
2
3
4
5
6
7
1
2
3
4
5
b
7
1

IC)OC)CJITI< OO

.0
.0

.0

.0

IN(THI)

-VF*COS(TH1)
*COS(TH2)+E2*SIN(TH2)
.0

.0

.0

.0

.0

.0

I\)<U‘J

ALPHA(6
ALPHA(6

vv\./vvvvvvvvvvvvvvvvvvvvvvvvv

4)=
5
6
7
1
2
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SUBROUTINE MNEWT(NTRIAL,X,N,TOLX,TOLF)
PARAMETER (NP=15)
DIMENSION X(NP),ALPHA(NP ,NP),BETA(NP), INDX(NP)
DO 13 K=1,NTRIAL
IF(N.EQ.6)CALL USR(X,ALPHA,BETA)
IF(N.EQ.7)CALL USRFUNI(X,ALPHA,BETA)
ERRF=0.
DO 11 I=1,N
ERRF=ERRF+ABS(BETA(I))
CONTINUE
TF(ERRF.LE.TOLF)RETURN
CALL LUDCMP(ALPHA,N,NP,INDX,D)
CALL LUBKSB(ALPHA,N,NP,INDX,BETA)
ERRX=0.
DO 12 I=1,N
ERRX=ERRX+ABS(BETA(I))
X(I)=X(1)+BETA(I)
CONTINUE
TF(ERRX.LE.TOLX)RETURN
CONTINUE
PRINT*, 'NEWTON-RAPHSON DID NOT CONVERGE'
RETURN
END

SUBROUTINE LUDCMP(A,N,NP,INDX,D)
PARAMETER (NMAX=100,TINY=1.0E-20)
DIMENSION A(NP,NP),INDX(N),VV(NMAX)
D=1.
DO 12 I=1,N
AAMAX=0.
DO 11 J=1,N
IF (ABS(A(I J)) GT.AAMAX) AAMAX=ABS(A(I,J))
CONTINUE
IF (AAMAX.EQ.0.) PAUSE 'Singular matrix.'
VV(I)=1./AAMAX
CONTINUE
DO 19 J=1,N
IF (J.GT.1) THEN
D0 14 I=1,J-1
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13

14

15

16

17

18
19

X!

SUM=A(1,J)
IF (I.GT.1)THEN
D0 13 k=1,I-1
SUM=SUM-A(T,K)*A(K,J)
CONTINUE
ACI,J)=SUM
ENDIF
CONTINUE
ENDIF
AAMAX=0.
00 16 I=J,N
SUM=A(1,J)
IF (J.GT.1)THEN
DO 15 K=1,J-1
SUM=SUM-A(T,K)*A(K,J)
CONTINUE
A(I,J)=SUM
ENDIF
DUM=VV( I )*ABS(SUM)
IF (DUM.GE.AAMAX) THEN
IMAX=1
AAMAX=DUM
ENDIF
CONTINUE
IF (J.NE.IMAX)THEN
DO 17 K=1,N
DUM=A( IMAX, K)
ACIMAX, K)=A(J,K)
A(J,K)=DUM
CONTINUE
D=-D
VW(IMAX)=WV(J)
ENDIF
INDX(J)=IMAX
IF(J.NE.N)THEN
IF(A(J,J).EQ.0.)A(J,I)=TINY
DUM=1./A(J,J)
DO 18 I=J+1,N
A(T,J)=A(I,J)*DUM
CONTINUE
ENDIF
CONTINUE
IF(A(N,N).EQ.0.)A(N,N)=TINY
RETURN
END

SUBROUTINE LUBKSB(A,N,NP,INDX,B
DIMENSION A(NP,NP),INDX(N),B(N)
11=0
D0 12 I=1,N

LL=INDX(I)

SUM=B(LL)

B(LL)=B(I)

IF (II.NE.O)THEN

DO 11 J=II,I-1

)
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12

13

14

[ N ep)

11

12

13

14

SUM=SUM-A(I,J)*B(J)
CONTINUE
ELSE IF (SUM.NE.O.) THEN
II=1
ENDIF
B(I)=SUM
CONTINUE
DO 14 I=N,1,-1
SUM=B(I)
IF(I.LT.N)THEN
DO 13 J=I+1,N
SUM=SUM-A(I,J)*B(J)
CONTINUE
ENDIF
B(1)=SUM/A(I,I)
CONTINUE
RETURN
END

SUBROUTINE RK4(Y,DYDX,N,X,H,YOUT)

PARAMETER (NMAX=10)

DIMENSION Y(N),DYDX(N),YOUT(N),YT(NMAX),DYT(NMAX),

*DYM( NMAX)

HH=H*0. 5

H6=H/6.

XH=X+HH

DO 11 I=1,N
YT(I)=Y(1)+HH*DYDX(I)

CONTINUE

CALL DERIVS(XH,YT,DYT)

DO 12 I=1,N
YT(I)=Y(I)+HH*DYT(I)

CONTINUE

CALL DERIVS(XH,YT,DYM)

DO 13 I=1,N
YT(I)=Y(1)+H*DYM(I)
DYM( I)=DYT(I)+DYM(I)

CONTINUE

CALL DERIVS(X+H,YT,DYT)

DO 14 I=1,N

YOUT(I)=Y(I)+H6*(DYDX(I)+DYT(I)+2.*DYM(I))

CONTINUE
RETURN
END

SUBROUTINE DERIVS(T,Y,DY)
COMMON/ INPUT/THE
DIMENSION Y(15),DY(15)
DY(1)=Y(2)

DY(2)=Y(3)
DY(3)=(-Y(1)+THE)/7.25E-3
TD=T

RETURN

END
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APPENDIX C - GEMINI STATIC POWER CONVERTER MODEL

C.1 Description of the Model

The Gemini line-commutated static power converter (SPC) is a single-phase,
240-Vac, 6000-watt residential unit. The SPC utilizes silicon-controlled
rectifiers (SCRs) as the power-switching devices, which are connected in
single-phase bridge configuration. The general circuit diagram of the SPC
and interconnections to the utility and the photovoltaic (PV) array are shown
in Figure C.1-1 [14]. The model and the parameters for the model were
supplied by Paul Krause and Associates. The parameters were based primarily

on data obtained from the manufacturer.

The utility interconnection is accomplished through an isolation transformer,
which is a step-down transformer with a voltage ratio of 350/240 Volts. In
the circuit diagram, the isolation transformer is modeled by a resistor,

RT’ in series with an inductor, LT. The component values are shown below.

-
1}

0.04 ohms.

r_.
I}

1.06 mH.

The filter at the dc side is composed of an inductor and a capacitor (LL

and CF), and the series resistor (RL) represents the internal resistance

of the filter inductor.
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0.9 ohms,

—
1!

48 mH, and C- = 4.8 mF.

The operating principles of the single-phase 1ine-commutated SPCs are
discussed in detail in the literature and will not be repeated here. Only a
brief description helpful in understanding the results of this report is

provided.

According to the operation principle of the SPC, during the positive
half-cycle of the ac voltage waveform, SCRs 1 and 1' must be turned on, and
180° later, during the negative half-cycle, 2 and 2' must be turned on. A
gating signal synchronized to the ac voltage is supplied to the gates of the
SCRs to turn them on. Figures C.1-2 and C.1-3 show the circuit diagram when

SCRs 1-1', and 2-2' are in conduction, respectively [14,16-18].

The instant the gating signal is applied to the gate of the SCR, with respect
to the the zero crossing of the ac voltage waveform, is defined as the firing
angle(x). For inverter operation of the SPC, that is, dc-ac conversion, the

firing angle of the SCRs must be between 90° and 180°.

The line-commutated inverter, as viewed from dc terminals, can be considered
as a variable dc voltage source, where the level of the dc voltage source
depends on the firing angles of the SCRs. At constant atmospheric
conditions, the PV array output current depends on the inverter voltage

across the array. By varying this voltage, the array current varies
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correspondingly; that is, the magnitude of the power flow from the dc side to

the ac side can be adjusted by changing the firing angle of the SCRs.

In normal operation of the SPC, the firing angles are controlled so that the
array operating voltage is fixed under all atmospheric conditions. Depending
upon the operating voltage and available array power, there are two possible
modes of operation; discontinuous dc current and continuous dc current. The
discontinuous mode of the dc current occurs when the conduction period of the
SCR's pair is less than 180°. Figure C.1-4 illustrates the ac voltage,
firing pulses, dc and ac current waveforms for the SPC during the

discontinuous mode of operation.

If the SCR pairs conduct more than 180° the SPC is in continuous current mode
of operation, and the corresponding waveforms are depicted in Figure C.1-5.
Note that, due to the finite amount of the transformer inductance the SCR
current cannot commutate from one pair to the other instantenously, and a
short-circuit occurs at the converter terminals during commutation

intervals.

The SCR model in the Electromagnetic Transients Program (EMTP) is used in
modeling the power circuit of the line-commutated SPC. The power circuit is
represented component by component and discussed in detail in Section C.2.
The photovoltaic array is selected so that its rating at the chosen reference
voltage of 248V §s 4.33 kW. The analytical equation showing the
corresponding PV array current-voltage characteristics was obtained by the

procedure described in Appendix A [Equation (C.1-1)].
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Ioys = 17.64P1/100 - 1.398x10'4[exp(vPVA/34.12) - 1]. (C.1-1)

PVA

The equivalent models for the control circuit and firing logic are developed
and put into a form that can be implemented on EMTP. A detailed description

of these sections is provided below.

Control System and Firing Logic

The objective of the SPC control system is to regulate the array operating

voltage at the reference voltage level.

The block diagram of the control system is shown in Figure C.1-6. Note that

the voltage, VPVA’ is regulated at V ; however current is not regulated

ref?

at I I

is a signal within the control loop that is compared to

ref’ ref

Toya-

The Timits on Iref and e. (control signal) are non-windup limits.

Whenever Iref (ec) is at a limit, the steady-state value of Ve (Ie)

in Figure C.1-6 is zero and the 1imit value will appear at the output of the
integrator. The limit values on the output of the control system, e., were
selected so that the gating of the SCRs occur at 90° when ec=-4V, and at

165° when ec=+0.5V.

The block diagram of the firing circuit is shown in Figure C.1-7 where the
gains (264 and 384) were determined by considering the 1imit values on the
firing angle. The line filter and zero crossing detector (ZCD) shown in

Figure C.1-8 are used to obtain a reference signal for the firing angle
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control. Actually, ZCD is developed but not used directly in the simulation;
instead, the outputs of comparators C1 and C2 are used in synchronizing

the firing angles to the utility grid. Note that in Figure C.1-7 the
integrators are reset to zero depending on the state of Cl and C2 in Figure
C.1-8. The outputs of the AND gates, FFl and FF2, are directly used to

trigger the SCRs of the power circuit.
Using the block diagrams of the control system and firing circuit, a complete

model for the single-phase, line-commutated SPC was implemented on EMTP and

its islanding performance was simulated as discussed in Section 2.3.
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C.2 EMTP Implementation

A diagram of the Gemini model as implemented is shown in Figure C.2-1. The
model is divided into two portions. The EMTP network models the actual
Gemini SPC components that are involved in the conversion of PV array dc
power to output ac power. The TACS portion models the Gemini's control

circuitry.

The EMTP portion (Figure C.2-3) and the TACS PV array model (Figure C.2-4),
voltage and current regulator (Figure C.2-7), zero crossing detector (Figure
C.2-8) and firing control (Figure C.2-11) very closely follow the b]ock
diagrams described in the last section. The remaining TACS sections are
described following this introduction. The TACS portion of EMTP has
predefined "DEVICES" with which the user can model typical control system
functions. Most of the blocks in the contro] block diagrams contain a
number, an "S", or an "F" in the upper right-hand corner. This number
references the TACS device that was used in the model. A listing of the
devices used in the Gemini model are given below; for more details see the

EMTP Rule Book[22].

Device Function

50 frequency meter

53 transport delay

58 controlled integrator

59 simple derivative

62 sample and track

64 minimum/maximum tracking
65 accumulator and converter
66 rms meter
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The "F" indicates that a Fortran expression was used to accomplish the
function described in the block. The "S" indicates that the block represents
a transfer function. Some of the device blocks contain signals pointing to a
triangle containing letters. These triangles indicate control of the block

as follows: R-reset, RV-reset valve, and S-sample.

A triangular box containing a node name with a shaded arrow indicates that
this signal is either input from TACS to EMTP or vice versa. Timing graphs
taken during steady-state operation are also included for some of the control

signals to aid in understanding the control system model.

The TACS undervoltage shut-down logic (Figure C.2-13) is representative of
actual control circuitry in the Gemini. The ac terminal voltage (G#VAC) is
monitored during each cycle. The peak value (G#PEKP) is stored and compared
to 271.5 (80% of 240 x V2) to determine if a shut-down signal (G#BRKR) should

be sent to an EMTP switch, which would disconnect the Gemini.

The remaining blocks do not represent actual control circuitry but are
included to monitor the operation of the model. The Alpha calculation
provides the delay angle in degrees based on a 60-cycle degree (1 degree =
46.29 x 10~¢ sec) as GH#ALPH. The watt and var meters were included as
discussed in Section 3.3 in order to run simulations to compare with lab
tests. The TACS starting signals are used to enable sections of the model in
a fashion that allows for fairly rapid starting (400 ms) to a steady-state

condition in preparation for an islanding condition to occur.
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The Gemini model does require some special attention if a smooth start is to

be achieved. Some points to keep in mind are:

1. The values of G#VPVA and G#IPVA should be calculated for the desired
G#VPVA condition (Equation C.1-1). The G#VPVA condition must be placed
on all of the circuit elements in the EMTP circuit in the proper EMTP
initial conditions section. The G#VPVA + 60 operating point must also

agree with the value of G#VREF.

2. The initial value of GH#IREF must be G#IPVA (calculated in 1) ¢ 5.

3. The choice of an initial condition for G#EC is fairly critical. G#EC
sets the firing angle for the SCRs. This value is set and not allowed to
change during the first 80 ms of a simulation to give the rest of the
system a chance to stabjlize. If G#EC is chosen to be significantly
different from its final value, too much or too little power may be
removed from the array causing the array voltage to be in error and
taking some time to recover. Finding the proper valve of G#EC may take
some trial and error. A set-up case can be run for several hundred
milliseconds, stopped, and restarted with the new value of G#EC equal to
the previous simulation's final value until the right combination is

found.

4. The final start-up feature, which only applies to the continuous mode
cases, is getting the proper initial current in the dc filter inductor.
This is achieved by locating a dc current source with the proper current

to drive current through the inductor (see Figure C.2-3). The dc current
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source is switched out by TACS signal G#GON at the same time the first
pair of SCRs is fired. This can be a bit tricky and may require
adjustment of the constant added to G#TPLZ to obtain the G#GO signal.

G#TPL2 is the time of the first positive going zero crossing of the ac

terminal voltage.

Cc-18



NZASH#D
W3LSAS QL

dZASHED

13Q0H ¥3LNdHOD [NIW3D 1-T°D> 3¥NdI4

il 7
m
| SV 0945
IVARD T09#9
"
ETED 10945
d1ASHD HYA NV LLVA VAL #2 ]
Sovl VAJAKD
SVARD =30i5
NGILVIND VD
VHd IV
SVARD HaTY FZTELL)
T
NZO#9
51901
¥01>3134d S% 104 LNOD WLV 1N03Y
uuommo»uumzs ONTSS0YD 245 SNTHIA IN3HUND ANY
SOVl Y3z sOVL NIO#D sovl 2389 | 3IBVIT0A SOVL VAJLKD
To%5
2 I8
s |2 ooz 2 s |2
@ R 2 = ot -
Ed w [al < < <
o 4 i m 4 mn
n
=
a T ] T 1
| | | |
NIASHD _ I ! | I5un0s NAJAND
O O
NSA<h W3ILTI4 | HIWYOASNVYL LIndYID 39a148 ¥3L114 LN3HENd
SASKD Wil ¥eTiviest ! ¥ds b sovitersa Rt NAJIHD
N | | i | JdAdIHD
d1ASED O asises | . L 1 - -~ [ I B dAdAHD
1300H INIK39 diW3

13Q0H AYHYY
Ad SOYL

Cc-19



FIGURE C.2-2 NETWORK SIGNALS
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FIGURE C.2-6 REGULATOR SIGNALS
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FIGURE C.2~10 FIRING SIGNALS
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Simulation Model Data File Listing

A listing of the EMTP/TACS data file follows. The file is divided into two
sections, and the TACS section is treated as an INSERT file to the EMTP data
file. This file is the base file used for the islanding study. The data

file was used on the M39 version of EMTP on an Apollo computer system.
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BEGIN NEW DATA CASE

o
C DATA FILE NAME = G_I.A.1.B
C
C CASE NO.
c
C
C TITLE
C
C
o
C
C
C ORIGINATING ENG.: TRS
C
C REVIEWING ENG. :
C
C
C
c RESISTIVE LOAD CAPACITIVE LOAD
C P _—
C MATCHED MATCHED
C
cC
Cc
ABSOLUTE TACS DIMENSIONS

120 720 600 240 1600 24240
46.296-6 400.E-3 0. 0. 1.0E-8

1 1 1 3 1 -1

25 1000
TACS HYBRID
$INCLUDE,gemini_unit_cont
C
990PEN =(TIMEX.LT..40466)—.5
c
C

33GH#FREQG#VAC GH#ECF G#F1 G#DC4 G#FF1l G#FIR1GH#FIR2
33G#VPVLG#VREFG# IREXG#IPVSGH#EC G#VPVPG#IPVPG#VAC

c

C BRANCH CARDS

C

C 10KVA FIELD TEST TRANSFORMERS
TRANSFORMER TRAND2

9999

1TACSW .0001 480.
2G#SY2P .0001 120.
3 G#SY2N .0001 120.

C

C
G#VPVPG#VPVN 4800.
G#VPVPG#VPVR .900
G#VPVRGH#IDC 48.
G#VPVRG#IDC 1037.

C-33

CALCULATION NO.

DATE:

DATE:

7600 1600



C INVERTER CIRCUIT GROUND REFERENCE

G#IPVP 1.0E5
G#IPVN 1.0E5
C LOAD REFERENCE TO GROUND
G#SY1P 1.0E5
G#SY1N 1.0E5
C SCR SNUBBER CIRCUIT
G#VDCPG#MID1 68.0
G#MID1G#VACP .22
G#VDCPG#MID2 68.0
G#MID2G#VACN .22
G#VACPG#MID3 68.0
G#MID3G#VPVN .22
G#VACNGH#MID4 68.0
G#MID4AG#VPVN .22
C SCR RESISTORS TO SEPARATE SWITCHES
G#VDCPG#D1 .001
G#VDCPG#D2P .001
G#VACPG#D2 .001
G#VACNG#D1P .001
C ISOLATION TRANSFORMER
TRANSFORMER G#TRNS
9999
1G#SYSPG#SYSN .0094 . 249 240
2G#VACP .01 .265 175
G#VACN .01 .265 175
C LINE FILTER
G#SYSPG#VACF 339.E6
G#VACFG#SYSN 195.-6
C FILTER TO REMOVE RIPPLE BEFORE SENDING TO TACS VOLTAGE AND CURRENT REGULATOR
G#VPVPG#VPVF 200.E6
G#VPVFG#VPVN 156.~-6
c ——— -
C OUTPUT LOAD
G#SY1PG#SY1IN 14.78
G#SY1PG#SY1IN 229.0
C
c - ——
C ——
C BOUNDARY LOAD FOR MATCHING
TACSW 64.0E3
TACSW .0753
Cc
c —— — -
C SWITCH CARDS

c

C

SWITCH TO MONITOR THE LOAD CURRENT FROM THE SYSTEM

VSYS SYSSwW -1. 1E4
SWITCH TO OPEN AND FORM ISLAND

13SYSSW TACSW
C SWITCH TO SEND DC OUTPUT CURRENT TO TACS WATT AND VAR METERS

G#IDC G#VDCP -1. 1E4

CLOSED OPEN

C SWITCHES TO MONITOR DC CURRENT FROM ARRAY

G#IPVPGH#VPVP -1. 1E4
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G#IPVNG#VPVN -1. 1E4
C SWITCHES TO MONITOR OUTPUT CURRENT OF GEMINI UNIT

G#SYSPG#SY1P -1. 1E4
G#SYSNG#SYIN -1. 1E4
C SWITCHES TO MONITOR OQOUTPUT CURRENT OF GEMINI LOCAL ISLAND
G#SY1PG#SY2P -1. 1E4
G#SYING#SY2N -1. 1E4

C TACS CONTROLLED SWITCHES FOR STARTUP — NEEDED FOR PROPER INITIAL INDUCTOR

C CURRENT CONTROL FROM TACS STATRUP SIGNALS

13G#VPVRG#INLP CLOSED
13G#IDC G#INLN CLOSED
C UNFOLDER SCRS — FIRING SIGNALS FROM TACS FIRING CONTROL
11G#D1 G#VACP

11G#D2 G#VPVN

11G#D2P G#VACN

11G#D1P GH#VPVN

C SOURCE CARDS

Cc

C OUTPUT CURRENT OF PV ARRAY FROM TACS PV ARRAY MODEL
60G#IPVP-1

60G#IPVN-1

C INDUCTOR INITIAL CONDITION SOURCE
11G#INLP-1 6.2

11G#INLN-1 -6.2

C SYSTEM SOURCE

14VSYS 678.82 60. -91.00

C EMTP CIRCUIT INITIAL CONDITIONS

2G#VPVP 125.
2G#VPVN ~125,
2G#IDC 125,
2G#VPVR 125.
2G#VDCP 125.
2G#D1 125.
2G#D2P 125.
2G#VPVF 125.
3G#VPVPG#VPVN 0. 250.
3GH#VPVFG#VPVN 0. 250.
3G#VPVRG#IDC 0.
C EMTP NODE VOLTAGE OUTPUT REQUESTS
VSYS

C PLOT CARDS — FOURIER ANALYSIS OF SIGNALS

FOURIER ON 7
192100 23. 24. G#SYSPG#SY1P
192100 23. 24. G#SY1PG#SY2P
192100 23. 24. TACS G#VAC
192100 23. 24. TACSW SYSSW
192100 52. 53. G#SYSPG#SY1P
192100 52, 53. TACS G#VAC
142100 23. 24. VSYS

FOURIER OFF
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Cc

R R I Y R I I I T ™™
C

C TACS PORTION OF OMNION 6.0KW INVERTER MODEL

o}

C LR AR AR RS R RS RS ERA SRR R AR R AR I I

SLISTOFF
oBR AR AR R A R e Y it i e e o Imm™

C TACS PV ARRAY MODEL
ol T Y R R R I I I I I T I T I

C

90G#VPVP

99G#VPVA =(G#VPVP-G#VPVN)
11G#NSOL 100.00
11G#CLTC 28.00
11G#ISRT 2.52
11G#AIDL 1.92
11G#BIDL 1.92
11G#NP 7.
11G#NS 680,

99G#CLTK =G#CLTC+273.18
99G#ILG  =G#NSOL/100.*(GH#ISRT+.0017*(G#CLTC-28.))

99G#I0S  =7.31E-13*G#CLTK**3*EXP(12886./G#BIDL*(.00332-1./G#CLTK))

88G#IPVA =G#NP*G#ILG-G#NP*G#IOS*(EXP(11601.*G#VPVA/G#NS/GH#AIDL/G#CLTK)~1.0)
88GH#IPVP =G#IPVA*G#GO

88G#IPVN =(GH#IPVA)*(—1.0)*G#GO

o

77G#NSOL 100,00

o

C AR AR KA KRR R A AT AR IR AR RA KRR KRR KA R AR KRR RKRKARR A AR KRKRRKR AR RAKRKRR R ARk *

C TACS STARTING SIGNALS
c ******************************************************************************
90G#SYSP

99G#VAC  =G#SYSP-G#SYSN

99G#VAW =G#VAC.LE.O.

99G#DVW159+G#VAW

99G#TPLQ =(G#DVW1.GT.O0.).AND, (TIMEX.LT..0167).AND. (TIMEX.GT..0001)

77GH#TPL2 100.

99G#TPL262+TIMEX G#TPLQ
C START UP TIME

99G#GO =(TIMEX.GT. (.0025+G#TPL2))

99G#GO1  =(TIMEX.GT.(.05546+G#TPL2))

99G#G02 =(TIMEX.GT.(.00634+G#4#TPL2))

99G#GONA =.NOT.G#G02

99G#GON 53+G#GONA .00050DELTAT

C

C *RKAKKX AR KA R KK KA KAKR KRR KR AR ARA AR R AKX RKARANAAKRR KRR ARK AR K AR ATk ARk h kA kdkhokkokkkx

C TACS VOLTAGE AND CURRENT REGULATOR
o R R R R R T T

Cc

90GH#VPVF

90G#VPVN

99G#VPVL =(G#VPVF-G#VPVN)/60.
11G#VREF 4.167
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1G#IREF +G#VPVL —G#VREF 1.0 -.5 8.0
1.0 .47
.5
99GH#IPVS =G#IPVA*, K 2*G#GOl
88GH#IREX =G#IREF*G#GOl

1GH#EC +G#IPVS —G#IREX 1.0 -4.0 .5
1.0 .022
.5
C SET TO G#VPVA/60.0
77G#VREF 4.167
77G#VPVL 4.167
o
C SET TO G#IPVA/5.0
77G#IREF 3.484
77GH#EC .39
c
o

C *kk kKKK KEAK KK KKK T A AR EKARKR KRR I AR REAKRKAKRRKR KA KA KRR AR IRk Rk Kk kk

C TACS ZERO CROSSING DETECTOR
BTy R R R et

o
90G#VACF

90G#SYSN

99G#VAFL =G#VACF-G#SYSN
11G#EPS .1189

99G#C1 =(G#VAFL.GT.G#EPS)
99G#C2 =(G#VAFL.LT. (G#EPS*(-1)))
99G#CIN  =.NOT.G#C1

99G#C2N  =.NOT.G#C2

99G#ZCD  =(G#C1N.AND.G#C2N)

o

C KRR RE R KK KRR R KRR IR AR KKK KKK IR KKK AR KRR RRKKRKI KRR AR AR R AKRKRKRKR KRk hhhkkk*k

C TACS FIRING CONTROL

C Kk K KKK AR AR R KKK KRR AR R A IR AR AR AR AR RRI AR KRR KA KRR KKK

C

11GH#ECRF 264.

99GH#ECF =G#EC*384

99G#F1 58+G#ECRF —~GH#ECF 20.0 0.0 1.0G#C2
99G#F2 58+GH#ECRF —GH#ECF 20.0 0.0 1.0G#C1
99G#C4 =(G#F1.GT.5.0)

99G#C3 =(G#F2.GT.5.0)

99G#DC1 59+G#C1IN
99G#DC2 59+G#C2N
99G#DC3 59+G#C3
99G#DC4 59+G#C4

99G#F10L53+G4FF1 .00050DELTAT
99G#F20L53+G#FF2 .00050DELTAT
99G#FF1  =((G#F10L.EQ.1).AND.(G#DC2.LE.0)).OR. (G#DC4.GT.1)
99G#FF2  =( (G#F20L.EQ.1).AND.(G#DC1.LE.0)).OR.(G#DC3.GT.1)

99G#FIR1 =(G#FF1.AND. (G¥CIN))*G#GO
99G#FIR2 =(G#FF2.AND. (G#C2N))*G#GO
c
c

(oS EE RS EE SRS E RS SRR R EER RS SRR RS RS s R R R R e S R R R R R R R ]
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C TACS ALPHA CLACULATION

L i R R I e T Y e S R R R R A I
C

99G#VACD53+G#VAC .00050DELTAT
99G#VACZ =((G#VAC.GT.0).AND.(G#VACD.LT.0)).OR.((G#VAC.LT.0).AND. (G#VACD.GT.0))
99GH#ST =G#FIR1.0R.G#FIR2

99G#CT1 65+PLUS1 G#VACZ
99G#AL 62+G#CT1 G#ST
99GH#ALPH =G#AL*DELTAT/46.296E-6

C

C

C AR KKRKRKIAK KKK KRR AR K KRR AR KRR KKK AR RKRKER KRR AR KRR AR R IRk AR AR R Ak Rk kK kk*

C TACS WATT AND VAR METERS

C KKK KKK KKK KRR KKK AR KRN K AR KRR KA R AR AR KKK AR RN R AR R AR KRR KRR AR A AR AR RRR AR AR KX

C

91G#SY1P

99G#VAC1l =G#SY1P

99G#VRMS66+G#VAC 60.
99G#IRMS66+G#VAC1 60.
99G#POWR =G#VRMS*G#IRMS

99G#VDCR66+G#VPVA 60.
91G#IDC

99G#IDCR66+G#IPVA 60.
99G#IDXR66+G#IDC 60.

99GH#WATT =G#VDCR*G#IDCR-G#IDXR*G#IDXR*.94
99GH#XXXX =(G#POWR*G#POWR-G#WATT*G#WATT*G#GO1)
99G#YYYY =G#XXXX.GT.O.
99G#VAR  =SQRT(GH#XXXX*G#YYYY)
C
22222232223 22222 R RS2 R 222222 i 888 i 22 222222 2 2 a2 A2 2 i 22 3 XXX S R X0 83

TACS FREQUENCY METER

Cc
C
C KhRKIKEKKE KA KEK AR AR KRR R AR AN KRR R KRR A AN KRR ARAR R RIR R AR AR AT ARk k k&
C
Cc

99G#FREQS50+G#VAC 60.
99G#FREQ50+G#VACF 60.
33G#VACF
C

C AEKKKIAKKKEKEKRKEREKRKRKRREKRTRARRRTE KRR R RE ARk hkRhhkkhkhkkhkhkhkhhkhkidhhhkkhhkhkhrkkkkkkkkk

C TACS UNDERVOLTGE SHUT DOWN LOGIC

C P X R X2 2 A2 X222 222 2R3 R R RS R R R 22 i 22 4228282802 2 s 2 A aat 2 d t t it i s Rt s XXX RN
C

99G#BEGA =TIMEX.GT.(G#TPLQ+.035)

99G#ZEP =G#VAC.GT.O0

99G#ZEPD59+G#ZEP

99G#ZERO =ABS(G#ZEPD) *G#BRKD

99G#VACA =ABS(G#VAC)

99G#PEK 64+G#VACA 1. 0.G#ZERO
99DELTA3 =3.0*DELTAT

99G#PEKD53+G#PEK .00150DELTA3
99G#PEKP62+G#PEKD G#ZERO
99G#BRKD53+G#BRKR . 00050DELTAT
99G#BRKR =.NOT. ((G#PEKP.LT.271.5)*(TIMEX.GT..050))

$LISTON
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C.3 Model Validation

The EMTP digital computer program results were compared with analog computer

results provided by Paul Krause and Associates. The analog computer results

modeled four events that caused the Gemini controls to operate and adjust to

a new steady-state operating condition. These events included decreasing and
increasing the solar insolation, and increasing and decreasing the reference

voltage. Plots of the EMTP results are given and then the corresponding

analog computer results.

The EMTP model behaved as expected. The only event in which a significant
difference occurred was the decrease in the VREF case. A1l four events were
run in succession in the EMTP simulation just as they had been on the analog
computer. The amount of actual time required to adjust to a new steady-state
condition after VREF was stepped from 200 V to 260 V was several minutes,
which was not practical to simulate. Our simulation was allowed to run long
enough to demonstrate the first 1.5 seconds after the increase of VREF. VREF
did not reach the final value of 260 V, which it had in the analog model. We
decided to allow the value of VREF to be reduced to 200 V when it reached

240 V instead of 260 V. With this taken into account, the results matched.
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FIGURE C3-1 EMIP COMPUTER MODEL RESULTS OF GEMINI SPC STEADY STATE
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FIGURE C3-2 ANALOG COMPUTER RESULTS OF GEMINI SPC STEADY STATE
OPERATION WITH SOLAR INSOLATION = 100 MW/C
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FIGURE C3-3 EMIP COMPUTER MODEL RESULTS OF GEMINI SPC WHEN SOLAR
INSOLATION IS REDUCED FrRoM 100 r-w/cm2 TO 20 MW/cM2
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FIGURE (3-4 ANALOG COMPUTER RESULTS OF GEMINI SPC WHEN SOLAR
INSOLATION IS REDUCED FROM 100 MW/CM2 T0 20 MW/CM2
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FIGURE C3-5 EMIP COMPUTES MODEL RESULTS OF GEMINI SPC STEADY STATE
OPERATION WITH SOLAR INSOLATION = 20 MW/
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FIGURE C3-6 ANALOG COMPUTER MODEL RESULTS OF GEMINI SPC STEABY STATE

OPERATION WITH SOLAR INSOLATION = 20 MW/C
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FIGURE C3-7 EMTP COMPUTER MODEL RESULTS OF GEMINI SPC WHEN SOLAR
INSOLATION IS INCREASED FROM 20 MN/CM2 T0 100 MN/CM2
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FIGURE C3-8 ANALOG COMPUTER MODEL RESULTS OF GEMINI SPC WHEN SOLAR
INSOLATION IS INCREASED FROM 20 MW/CM2 To 100 MW/CM2
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FIGURE C3-9 EMTP COMPUTER MODEL RESULTS OF GEMINI SPC WHEN
REFERENCE VOLTAGE IS INCREASED FROM 200V TO 260V
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FIGURE C3-10 ANALOG COMPUTER MODEL RESULTS OF GEMINT SPC WHEN
REFERENCE VOLTAGE IS INCREASED FRoM 200V TO 260V
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FIGURE C3-11 EMIP COMPUTER MODEL RESULTS OF GEMINI SPC
WHEN REFERENCE VOLTAGE IS DECREASED
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FIGURE C3-12 ANALOG COMPUTER MODEL RESULTS OF GEMINI SPC
WHEN REFERENCE VOLTAGE IS DECREASED
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APPENDIX D - SIMPLIFIED ANALYTICAL MODEL FOR
THE APCC STATIC POWER CONVERTER

This appendix details the development of simplified computer models for the
American Power Conversion Corporation's (APCC) Sunsine 2000 photovoltaic
static power converter (SPC). Simulation studies are described using the
simplified models, and results are compared to experimental data as well as

to information available from detailed computer models.

The primary objective of this effort is to produce simple models that
represent the dynamic behavior of the SPC under run-on conditions. The focal
point of this endeavor is, therefore, to highlight those features of the
inverter circuitry that are crucial in effecting inverter shut-down whenever

the utility line is disconnected from the SPC-load combination.

This work is motivated by the need to provide utility personnel with a
portable and easy-to-use tool to predict any possible islanding events and
estimate their approximate duration, given the typical range of local load
and power utility conditions. If such an approximate but readily available
tool provides an indication of possible problem situations, then a more
elaborate modeling and analysis effort may be undertaken to resolve these

issues unquestionably.

In most situations, the modeling results reported herein are conservative,
providing the user with significant trends as load conditions vary. Whereas

more sophisticated computer models must exhibit a predictive capability




compatible with actual laboratory or field results if they are to be used as
tools in assessing design and safety concerns, a simplified approach can
only claim results with a reasonable resemblance to the actual case. Slow
inverter dynamics or nonessential components to the run-on condition are
neglected. The inverter designer, anticipating the need to shut the device
down under emergency conditions, invariably incorporates electronic circuits
that sense the resulting operating discrepancy and activate appropriate
shut-off sequences. A simplified analytical model must, therefore, focus
upon those features of the interconnected PV system~ utility grid that

affect significantiy its isolated operation.



D.1 General Description

Detailed electrical diagrams of commercial power-conversion systems are
usually considered proprietary and are not available in the open
literature. Recently, Purdue University developed a hybrid computer model
of the APCC Sunsine 2000 photovoltaic SPC through the assistance and
cooperation of the APCC technical staff. The Purdue report [27] detailing
this modeling effort formed the only available source of information
regarding the Sunsine 2000 for the development of a simb1ified analytical
tool. Mathematical descriptions of key inverter subsystems (the line
filter, the loop filter, etc.) were taken directly from the Purdue
development, since actual circuit diagrams are still considered
proprietary. The results of this work are, therefore, dependent upon the
credibility of the Purdue model. In general, for most practical situations,
the computer results seem to match fairly well experimental data obtained

from laboratory and field studies conducted by Georgia Power Company.

Figure D.1-1, reprinted from Wasynczuk [27], is a simplified electrical
diagram of the APCC Sunsine PV system. The dc system, consisting of the PV
array and a filter capacitor, is connected to a down converter, which
produces an output current closely resembling a full wave rectified sine
wave. The unwrapper circuit produces a sinusoidal output at the utility
side of the isolation transformer by inverting every other half cycle of the

down converter output.
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FIGURE D.1-1 SIMPLIFIED ELECTRICAL DIAGRAM OF APCC INVERTER.



The inverter ac output current is phase locked to the measured line voltage.
A simplified block diagram of the inverter control system is shown in Figure
D.1-2. A maximum power tracker (MPT) assures that maximum power is extracted
from the array under varying environmental conditions. The voltage regulator
adjusts a magnitude command signal, Imag’ which is tracked by the down
converter during normal operation and is a measure of the peak ac current

injected into the utility.

The function of the PLL is to provide a rectified sinusoidal reference signal
and to control the switching of the unwrapper. A more detailed functional
block diagram of the phase locked Toop control system is shown as Figure
D.1-3. For normal operation, the multiplying digital-to-analog converter
(MDAC) produces a rectified sinusoidal reference signal, which must be
synchronized with the Tine voltage. To accomplish this, the frequency of the
voltage controlled clock (VCC) is varied in proportion to a control

signal Vw' When Vw = 0, the output frequency of the clock is

approximately 30.72 kHz. At each clock pulse, the counter is incremented
with a maximum count of 512. Thus, the frequency associated with a complete
counter cycle is 60 Hz. As the control voltage Vw varies from -10 to

+10 volts, the frequency of a complete counter cycle will vary between 59.073
and 60.927 Hz. Synchronization is achieved usiﬁg a feedback circuit, which
increases or decreases the control voltage whenever the counter output leads
or lags the line voltage. Details of the PLL VCC and nine-bit counter are

depicted in Figure D.1-4.

Synchronization of the counter to the line frequency is achieved by

monitoring the phase difference between the counter output and the line

D-5



*WALSAS ‘TOdINOD dHL JO WWHOVIQ ¥D01d QdI4ITdWIS ¢-1° T &WNOIL

Je

T1d

(0081-0) P1

oe

YIddVAMNO
3

HALYIANOD NMOQ

y 1

op op

(3)uMs

jox

beu

YOLVINOIY
JONLI0A

LdW

D-6



*XULINDYID TId D04V FHL 4O WWIOYIA o014 ¢-1

(,09€-,08T)P1

oo

*d WFNOId

1
i
oe avo1
A 2 oe _
T |
Lol
A,
1
"
Aoomauoovuq._
(
M
A
> J0A > JALNNOD DVaW
. 3o
319-6
JALTIA
do01 Aoonm-oomvmq
beu
—_— I
L7 3 40X .L\\\
D +
<& a daL1Id
/¥ oe ANIT
A
] n,
Z+

(n) S°L

(o)

oe



381

beu

YALNNOD LIH-6 ANV DDA TId dHL 4O WYMOVIA 3DOTd Y-1°d 3WNOTI

(g)uts

AOO®M|

S

T
HOLWVYOALNI

(o]

+

(oas/pex)

o
LOZTI= M

ONNVDAoowH|oomv

9 ¥X628S " 0=0

Aoonmtoowﬂvzaoomloov

HdALTId
do01

D-8



voltage. The filtered line voltage is fed to an A/D comparator whose output
represents one of two inputs to an exclusive OR (XOR) phase detector. Thus,
the average value of the XOR output is a measure of the phase difference

between the angular state of the counter and the line voltage.



D.2 1Islanded Operation

Let us consider the interconnected operation of the PV system with the
utility grid as shown in Figure D.2-1. It is of interest to observe the
operation of the PV system in the event that the circuit breaker is suddenly
opened. Particularly, it is important for operational and safety
considerations to determine conditions under which the unit will run on for
the maximum possible time. As a matter of fact, if the load current is
carefully adjusted so that all of the current supplied by the inverter is
consumed byvthe load, then the opening of the breaker will not be sensed by
the inverter's protective control circuits. In this case, the inverter will,
theoretically at least, run on indefinitely. Under all other load
conditions, the PLL and its associated control circuitry undertake the task
of sensing the appropriate phase angles before and after line disconnection
and tripping a phase error detector whenever the phase error between the
angular state of the phase Tocked oscillator and the filtered line voltage
reference becomes greater than 2°. Thus, the dynamics of the PLL circuit are
primarily responsible for the operation of the inverter under islanded
conditions. For that reason, attention is focused below in the modeling

effort on the behavior of the PLL circuitry.

Let us examine the action of the control circuit at the time of line

disconnection. Let

S
]

absolute phase error in degrees

absolute phase difference between inverter voltage and current.

S
K}
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During steady-state conditions, before the circuit breaker is opened,

¢ is the phase lead angle introduced by the T1ine filter, which is very
close to 2°. The phase error ¢e is, of course, zero during

steady-state conditions. When the circuit breakef is opened, the value of

¢, is determined by the load angle, ¢ of the passive load to which

the inverter connects. Upon opening of the circuit breaker, $e will

jump to the value so that gt 9, = 2°. Thereafter, the response
of
s s ¢e , and Vw is primarily determined by the characteristics of the

line filter, the load and loop filter associated with the phase locked loop.

The most significant design feature of the inverter involves a resonant peak
of the line filter at 60 Hz. Thus, the phase load of the line filter
increases as the frequency increases and at a significantly higher rate than
that of the load (if it is capacitive) so that the resulting phase error
increases as the frequency increases. A classic "positive feedback" insta-
bility results, since the dc system frequency will increase at a higher rate

as the phase error increases.

Details of the phase-error-detector circuit responsible for disabling the
inverter are shown in Figure D.2-2. If the load is resistive or inductive,
then the initial jump in $e will always be greater than 2°, which is

the trip point of the phase error detector resulting in almost instantaneous
shutdown. The same condition will result if the load is capacitive but the
magnitude of load angle is between 0° and 2°. The positive feedback
instability is, therefore, essential for the shutdown mode only in the case

of a capacitive load with a phase angle between 0° and 2°.
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D.3 The Simplified Computer Model

Special attention is required in modeling the dynamics of the line filter

and the Toop filter of the PLL circuit. The significance of the first in

the run-on mode was demonstrated in the previous section.

remaining control circuit components is straightforward and follows

classical approaches.

The Line-Filter Implementation

The line filter is implemented by a fifth-order state equation whose

transfer function is as follows:

H (s) = 9.803934E7f(5-2.8748E—14)(52+92.798825+144998.1)

(s+71005.7)(s+2511.29)(S+61.87084)(52+186.6827s+149752.5)

Modeling of the

In Figures D.3-1 and D.3-2, the magnitude and phase responses are plotted

using a CC program package. As was pointed out previously, the positive

group delay at 60 Hz makes the PLL system unstable.

In state variable form, the equations are written as:

:70970.59 -2303.92 1470.59

X1
x,| |-104.7237 -104.7237  66.8449
d xy| = | 1470.59 1470.59 -2597.43
dt
X4 o 0 46.39941
- 0 0 46.39941
L °] L
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where

|

= -61.87084

w
i

w w
(S0 w N
|

= =2511.29

s” = -71005.7.

The Loop-Filter Implementation

ac

o = [00 1007,

-93.34133 + j375.5528
= -93.34133 - j375.5528

= [x1 Xo X3 Xy x5]T. The poles of the line-filter transfer function are

The loop filter can be implemented by a third-order state equation whose transfer

function is

Hz(s) _ _ 67188.53 (s+3.002979)

s(s+303.0303)(s+62.57823)

In Figures D.3-3 and D.3-4, the magnitude and phase responses are plo*ied using the

CC program package. The

state representation is as follows:

ol
i
x

il

o
o

1
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V= [10.64 0 0]*x,

where
X = [x1 X, x3]T. The poles of the loop filter are
s, = -62.57823
s, = -303.0303
Sy = 0.
V¢ is the input to the loop filter.

The Line Impedance and the Load Impedance

The Tine impedance is modeled as the series combination of a resistor (with
a nominal value of 0.072 ohm) and an inductor (0.072 ohm). The load

impedance is specified by the user.

D.4 Simulation Studies

Figure D.4-1 depicts a flow chart of the simulation program. The following

conditions are assumed:

(1) The inverter is operating in steady state before line disconnection
so that the average value of the loop filter output Vw is zero.

(2) The circuit breaker is opened when the utility current, Iu(t),
goes from a negative to a positive zero crossing.

(3) The initial value of Vw(t) js adjusted to conform to condition (1).

In order to compare model results with test data available through GPC,
simulated conditions were initially set to match those of the GPC tests. The

system current, IAC(t), was chosen to be 23.56 amperes, and the
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inverter voltage was made equal to 339.4 volts. The power dissipated by the
load was 4200 (watts) - j280 (vars) under matched conditions - the same as

in the GPC tests.

For a balanced condition with a capacitive load, RL = 13.7 ohm and

C, = 12'895UF' Table D.4-1 shows the sensitivity of the run-on time on

L
load conditions as the load power is varied for fixed vars and fixed watts,
respectively. The balanced load case produces the Tongest run-on time of

only 7.943 ms.

Table D.4-2 depicts the comparison between the simulated and the experi-
mental results. ATl run-on times are less than 8 ms. The inverter shuts
down almost instantaneously. The computer results are considered
acceptable, because they are well within the "window" of 200 ms. This time
is considered important because it may affect the automatic reconnection of

the PV system to the utility grid.

Table D.4-3 shows a breakdown of the simulation results according to the
type of the load. It may be observed that the inverter shuts down almost
immediately for practically all situations except when the load phase angle

is between 0° and 2°.

D-21



START

SET UP
ua :=0
t =0

J /

! Phasor Init Line Filter
: Graph Init
L
¥ Phase Comparator
Phase Locked Loop .
(PLL)
'  Loop Filter
4 {
Down Conv.
Unwrapper
l, VCC Counter
Simulation Model ;llv
i) —
f’ § Phase Detector
Graph Result |

Phase grror
277

Shut Down = True

FIGURE D,4-]1 FLOW CHART OF APCC SIMULATION PROGRAM.



TABLE D.4-1 SIMULATION RESULTS FOR CAPACITIVE LOAD

(> 2°)

Load Power Load Impedance _yao Phase-Lag Run-On Time
3720.93-3j280.01 15.393-j1.158 4.302° 2.604 msec
4204.38-3280.01 13.64 -j0.908 3.8085° 7.943 msec
4600.64-j280.01 12.474-30.759 3.482° 5.632 msec
4204.38-j325.72 13.618-31.055 4.43° 0.326 msec
4204.38-j280.01 13.64 -j0.908 3.8085° 7.943 msec
4204.38-j147.66 13.683-j0.481 2.013° 5.664 msec
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TABLE D.4-2 COMPARISON OF SIMULATED AND EXPERIMENTAL RESULTS

Computer
Case GPC Test Results Simulation Results

#1.A.1 lLoad Power Load Power

4160 (Watts) 4204.38 (Watts)
Matched Power -280 (Vars) -280.01 (Vars)

System Amps System Amps

17.28 (A) 237.66 (V)

SPC Volts SPC Volts

244.8 (V) 237.66 (V)

Run-0n Time Run-0On Time

0.006 (sec) 0.007943 (sec)
#I.A.2 Load Power Load Power

3720 (Watts) 3720.93 (Watts)
10% Less -288 (Vars) -280.01 (Vars)

System Amps System Amps

17.36 (A) 16.66 (A)

SPC Volts SPC Volts

244.8 (V) 270.18 (V)

Run-0On Time Run-On Time

0.004 (sec) 0.002604 (sec)
#1.A.3 Load Power Load Power

4600 (Watts) 4600.64 (Watts)
10% More -276 (Vars) -280.01 (Vars)

System Amps System Amps

17.28 (A) 16.66 (A)

SPC Volts SPC Volts

243 (V) 223.45 (V)

Run-0On Time
0.001 (sec)
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TABLE D.4-3 COMPUTER RESULTS AND COMPARISONS
FOR THE APCC INVERTER

Case 1. Load
(¢L > 2°) 9 Watts ;  Vars Run-0n Time
R-L Load +3.953° 4199.73 ;0 290.22 2.018 msec

(Vac Leads Iac)

R-L Load -4.302° 3720.93 ;. -280.01 2.604 msec
(Vac Leads Iac) -3.809° 4204.38 ; -280.01 7.943 msec
-3.482° 4600.64 ;. =280.01 5.632 msec
-4.430° 4204 .38 ;. -=325.72 0.326 msec
-2.013° 4204 .38 ;. —147.66 5.664 msec
Case 2. Load
(¢L > 2°) o Watts i Vars Run-0On Time
R-L Load -1.776° 4204 .38 ; —130.40 8.984 msec
(Vac Leads Iac) -0.592° 4204 .38 ; -43.47 927 .865 msec
Case 3. Load
(¢L > 0°) oL Watts ; Vars Run-0n Time
R-L Load 0.000° 4203.31 ; 0.00 594 .987 msec
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So. California Edison Co.
Attn: W. Rothenbuhler

P. 0. Box 800

Rosemead, CA 91770

So. California Edison Co.
Attn: Darshan Kaushal
System Oper., Rm. 290

P. 0. Box 800

Rosemead, CA 91770

So. Company Services, Inc.
Attn: Tim Petty
K. Chakravarthi
Bob Jones (25)
R&D Department
P. 0. Box 2625
Birmingham, AL 35202
Solarex Corporation
Attn: Paul Garvison
1335 Piccard Drive
Rockville, MD 20850

Sovonics Solar Systems
Attn: Larry Slominski
1100 West Maple Road
Troy, MI 48084

Stone & Webster Engr.
Attn: Dave Agneta
245 Summer St.
Boston, MA 01921

Strategies Unlimited
Attn: R. Winegarner

201 San Antonio Circle
Suite 205

Mountain View, CA 94040

TESCO
Attn: Linda Terrel
P. 0. Box 970

Fort Worth, TX 76101-0970

(27)



TESLACo

Attn: R. D. Middlebrook
490 S. Rosemead, Suite 6
Pasadena, CA 91107

Tennessee Valley Authority
Attn: Sharon Ogle

Solar Applications Branch
B 513 Signal Place
Chattanooga, TN 37401

The Citadel

Atn: J. F. Schaefer

Dept. of Elec. Engr.

Charleston, SC 29409

U. S. Dept. of Energy
Attn: D. C. Krenz
Energy Tech. Division
Albuquerque Oper. Office
Albuquerque, NM 87115

U. S. Dept. of Energy
Attn: J. Rumbaugh
DOE/Wind Systens

1000 Independence Ave. SW
Washington, DC 20585

U. S. Dept. of Energy
Div. of PV Energy Systemns
Attn: R. Annan

1000 Independence Ave. SW
Washington, DC 20585

U. S. Dept. of Energy
Div. of PV Energy Systems
Attn: A. Krantz

1000 Independence Ave. SW
Washington, DC 20585

U. S. Dept. of Energy
Div. of PV Energy Systems
Attn: A. Bulawka

1000 Independence Ave. SW
Washington, DC 20585

U. S. Dept. of Energy
Div. of PV Energy Systems
Attn: M. Pulscak

1000 Independence Ave. SW
Washington, DC 20585
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U. S. Dept. of Energy
Div. of Elec. Energy Sys.
Attn: D. Roesler

1000 Independence Ave. SW
Washington, DC 20585

U. S. Dept. of Energy
Div. of Elec. Energy Sys.
Attn: K. Klein

1000 Independence Ave. SW
Washington, DC 20585

Univ.
Attn:
Dept.
Berkeley,

of California,
C. Hu

of Elec. Engr.
CA 94720

Berkeley

University du Quebec,
Trois-Rivieres

Attn: V. Rajegopalan

Dept. d’Ingehierie - C.P.

Trois~Rivieres, Quebec

CANADA GSA 5H7

500

University of British Columbia
Attn: W. G. Dunford
Dept. of Elec. Engr.
Vancouver, BC
Canada V6T 1WS

University of Colorado
Attn: R. W. Erickson
Dept. of Elec. Engr.
Boulder, CO 80309

University of Delaware
Attn: Allen Barnett
Dept. of EE
Newark, DE 19711
University of Hawaii

Attn: Patrick Takahashi
Hawaii Natural Energy Inst.
2540 Dole Street

Honolulu, HI 96822

University of Lowell
Attn: Thomas Costello
1 University Avenue
Lowell, MA 01854

University of Lowell
Attn: Fahd Wakim
1 University Avenue
Lowell, MA 01854



University of New Mexico
Attn: A. O. Lebeck
Farris Engineering Center
Room 124

Albuquergque, NM 87131

Univ. of Texas at Arlington
Attn: Jack Fitzer

West 6th at Speer Street
Arlington, Tx 76019

University of Toronto
Attn: S. B. Dewan
Dept of Elec. Engr.
Toronto, Ontario
Canada M5S 1A4

University of Wisconsin

Attn: T. A. Lipo

Dept. of Elec. Engr.
and Computer Science

Madison, WI 52706

Utility Power Group
Attn: M. Stern

9410 DeSoto Ave., Unit G
Chatsworth, CA 91311

Virginia Power Co.
Attn: Tim Bernadowski
Corp. Tech. Assess.
5000 Dominion Boulevard
Glen Allen, VA 23060

Virginia Polytechnic Inst.
and State University (3)
Attn: Dan Chen
F. C. Lee
Saifur Rahman
Dept. of Elec. Engr.
Blacksburg, VA 24061

Westinghouse R&D Center
Attn: Peter Wood

1310 Beulah Road
Pittsburgh, PA 15235

Wichita State University
Center for Energy Studies
Attn: Dr. Ward Jewell
Box 44

Wichita, KS 67208
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2363
2525
3141
3154
3151
6220
6221
6223
6223
6223
6223
6223
6223
6223
6223
6224
8524
6220

M. Barnett

Clark

A. Landenberger (5)
L. Ward (8) DOE/OSTI
I. Klein (3)

G. Schueler

C. Boes

J. Jones

W. Stevens (10)

N. Chapman

S. Key

I. Bower

N. Post

G. Thomas

W. Strachan

E. Arvizu

A. Wackerly

V. Poore



